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ABSTRACT

The purpo. of Urn development project war to design, fabriami, and evaluate a
food refrigoraton and habitable atmosphere control system which will support a three-
men crew for an extveme altitude mission o 14 das and have additional capabilities for
the stor.age, heatin and chilli of recovered water. The feasibility study and design
study phaes of th program Indicated that a flight optimisod system (I. a.. a system
with minimum power, weight, and volume characterlstics) would be a system which
utillsse a direct rad~ston to space oncept to remove sexess beat from the confines o a
spece vehicle. The equlpmsat and systems were fabricated to sasure their operability
under the foflowing extremes of environAmet: (1) cabin pressure will vary between 0.5
to 1.0 atmospbere, (2) equluemt mut operate In the presence of normal gravitational
ocaditloms us well as mddr a weightless oonditionAM acceleration forces of up to 8 G's
must be withstood.
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SECTION I

INTRODUCTION

BackKround and Objectives

The Food Refrigeration and Habitable Atmosphere Control System for Space
Vehicles, or "Project COOL" as it in called throughout this report, is the result of a
feasibility study, design, fabrication and test effort which originated as Project FROST,
a program to develop an optimum method for the refrigeration of food aboard space
vehicles.

The FROST program has been completed through its feasibility phase when the
program objectives were extended to include the development of a system which had both
Food Refrigeration and Habitable Atmosphere Control capabilities (Project COOL).
Project FROST, A Food Refrigeration System for Space Vehicles, engineering feasbility
study is included as Appendix 1 in this report.

The Project COOL phases of the program have been pursued along a course which
results in the formulation of a flight optimized, integrated system for the preservation of
food aboard a manned space vehicle, as well as providing a controlled habitable environ-
ment for the crew of such a vehicle. The food preservation means which are presented
utilizes the liquid transport-dlrect radiation to space concept as recommended and studied
in the Project FROST feasibility study (Appendix 1).

The hsbitable atmosphere maintenance system also utilizes the liquid transport-
direct radiation to space concept since it also must perform, as its basic function, the
removal of excess heat energy from the interior at a space vehicle; a job for which the
liquid transport-direct radiation concept is optimum.

Ultimately heat rejection from a space vehicle must be accomplished purely by the
mechanism of radiant heat transfer (excluding expendable refrigerants). M11 refore. aln
methods of heat transport from the heat sources within the vehicle must convey waste
heat to an effective space radiator before it can be rejected to space. Primary objectives
of this program, as presented here, were to establish by comparison studies of various
heat transport systems, the heat transport means which would most satisfactorily convey
waste heat to the radiator for rejection to space. It was required that the space radiator
be fight optimized by design study comperisao and trade-offs.

Desin Description

The design of the Project COOL equipment using the liquid transport-direct radiation
to space concept results in a system which is operable under zero gravity conditions and
yet is optimum on the basis of a volume, weight, and power requirement. Equipmuent has
been designed to preserve the dietary requirements and maintain an environmen which
is within the human comfort zone for a 3-man crew on a 14-dsy space mission.

The food preservation and habitable environment control (air conditiomer) systems
have been designed as an integrated package which is contained within a single modular
envelope. The physical size and shape of the module permits its installation within the
existing framework of the compact feeding onesole aboard the AMRL 3-man space cabin

It
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INTRODUCTION

BliqpKMrun and Objectives

The Food Refrigeration and Habitable Atmosphere Control System for Space
Vehicles, or "Project COOL" s it Is called throughout this report, is the result of a
feasibility study, design, fabrication and test effort which originated as Project FROST,
a program to develop an optimum method for the refrigeration of food aboard space
vehicles.

The FROST program has been completed through Its feasibility phase when the
program objectives were extended to Include the developmcnt of a system which had both
Food Refrigeration and Habitable Atmosphere Control capabilities (Project COOL).
Project FROST, A Food Refrigeration System for Space Vehicles, engineering feasibility
study is Included a Appendix 1 in this report.

The Project COOL phases of the program have been pursued along a course which
results In the formulation of a flight optimized, Integrated system for the preservation of
food aboard a manned space vehicle, as well as providing a controlled habitable environ-
ment for the crew of such a vehicle. The food preservation means which are presented
utilizes the liquid trannport-direct radiation to space concept as recommended and studied
in the Project FROST feasibility study (Appendix 1).

The habitable stmospbere maintenance system also utilizes the liquid transport-
direct rdation to space concept since it also must perform, as Its basic function, tha
removal of excess heat energy from the Interior of a space vehicle; a job for which the
liquid transport-direct radiation concept is optimum.

Ultimately heat rejection from a space vehicle must be accomplished purely by the
mechanism of radlt heat transfer (ecluding expendable refrigerants). \Therore, all
methods of heat transport from the beat sources within the vehicle must convey waste
heat to an ,%fective space radiator before it cm be rejected to space. Primary objectives
of this program, as presented here, were to establish by comparison studies of various
heat transport systems, the heat transport meams which would most satisfactorily convey
waste heat to the radiator for rejection to space. Rt was required that the space radiator
be flight optimized by design study comparisons and trade-offs.

Desism Desoription

The design of the Project COOL equipment using the liquid transport-direct radiation
to space concept results in a system which Is operable under zero gravity conditions and
yet is optimum on the basis of a volume, weight, and power requirement. Equipment has
boe designed to preserve the dietary requirements and maintain an environment which
is within the human comfort zone for a 3-man crew an a 14-day space mission.

The food preservation and habitable environment control (air conditioner) systems
have been designed a an Integrated pakage which Is contained within a single modular
envelope. The physical siz and shape of th modle permits Its installation within M
misting framework of the compact feeding console aboard the AMRL 3-man speoe cabin
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SECTION II

SYSTEM DESIGN

1. System Performance Soclftcations - The following performance specifications are
comp! ',A from the contract technical exhibit and the findings of this project.

1.1 Upermtlug Requirements

1.1.1 F'ood Preservation - Food quantities and containers as listed below are In
accordance with the Exhibit and are sufficient to meet the requirements of a three-man
crew for two weeks.

1.1.1.1 Freezer Compartment

Food container type: Metallic
Food container size: a. maximum outside height - 3.810"

b. maximum outside diameter - 2.260'
Food container shape: cylindrical
Food contalner nunber: 9 containers (cans)/man
Broad mmiber- 53 bread items/man
Bread size: 3" x 3" x 3/4"

1.1.1.2 Chili Comyartments

Food container type: Same as for freezer
Food container size: Same as for freezer
Food container shape: Same as for freezer
Food container number: 6 containers (total)
Bread number. 10 bread items (total)
Bread size: Same as for freezer
Tube type: Plastic
Tdbe size: 7 1/2" x 2 1/4" x 1 5/11V
Tube aspe: Semi-flat cylinder
Tube number: 16 tube (total)

1.1.1.3 Food Temperature

Frommn food - Maintained at a temperature of 0°F to t 50 F
Chilled food - Maintained at a temperature of 32°F to 40OF

1.1.1.4 Food Arramit

Segregation - Food groups are separated mad readily identifiable In the cabinet.

Protection against environment - The food is positively retained so that dynamic environ-
ments durlng laumch. md powered flight will not damage the food, containers or food
storage compartment.

Ease of Removal - Containers are restrained within the cabinet and yet easily removed,

one package or container at a time.

3



U.J.2:1 d Nwrma

Cdain atmosphere tempertur io to be mamintined betwee 6001 and 75*1.

The humidity. control devices wre capeble of maintanimg the Cab is.Rlatve HimidIfy
between 30% and 50%. 7he hbi~table environment control system is capable of moaintining
the temperature and husidlW levels within the abowe limits for various amble total pressure
levels betwen the extremes at 7.35 pain. and 14.7 psia.

1. 1. 2.2 Beat Surcs(Maxmmum Values)

Sesbelcd
Cabin 3qui~ment 13000 TU/hr
Circulating Fam 120 DTU/hr
Weln Load (1000F outer wall txmp.) no0 BMU/hr
IUquld Transport Pump 950 BTU/hmr

Total Sensible 1865 BTU/br

Waent Load
3 mn320 BTU/hr
Other Sources (cocking, etc.) 2Soo U~
Total Ltent 600 TU/hr

1. 2 LAunch, I Andi and FU&lgt oad - (Equipment Is designed to withstand the following):

Acm - 8 "0"I peak axial and 4.5 "0" peak lateral, for a total duration of benT Bii..
Demlor - 2 "09" Peak.
Mak- 25 "0" axial and 10 "10- lateral.

Vibration - 0 to 500 cps with inpuits up to 5 "0"I at the hIghe freqmones. Periods of
continuous vibratio for a zmaxdim of 15 mimines.

1. 3 fauiggmEn Scft~catM i

1. 3. 1 Food Storage Comnartmmn

Inuation- The Insulation choice for the compartment is pobrurethmm freom4llied foam.

The Food Storage Compartomet Is designed to fit an an Integral part of the cdabn structure,

and encloses all compartments and controls for the radiator and lIe11oP mc- ug piuudilng.

DoorOpeing- A froot opening door Is used with consideration given to such faptors as
minimlyin the aisle clearance required for door swring, assuring good secesalbillty and
ease of opening and, closing.

1.3.2 Ai odtoe

The air conditoner heat exchangr is a compact airborne configuraton with Its weight,

size and sir aide and fulud aide pressure drops "traded oIT" to give an optiimim design

4



within the space available in so far as overall system weight and power requirements

are concerned.

1.3.3 Humidity Control

Humidity control and water collection techniques are such that they will perform within the
operating performance limits specified in a zero "g" environment as well as in the ground
test facility.

1.3.4 Space Radiator

Desien Considerations

Form - A fin type (two radiation surfaces) is utilized, simple in design and construction, and
attached to the cabinet by means of Interconnecting piping only.

Sink Available - The food storage compartment radiator is designed for equivalent
conditions of an earth orbiting vehicle which is sun oriented. Ile sink- used to simulate
space is an evacuated chamber with a highly dbsorbout surface maintained at a temperature
of -100 0 F (360 0 R). The radiator is compatible with such a test chamber. The air conditioner
heat sink is a commercial condensing refrigeration unit of sufficient capacity to handle the
maximum cabin heat load.

1.3.5 Heat Transport Fluid System

Fluid - Selected on basis of heat transport properties, ability to remain liquid through
the operatin temperature range (includisg a factor of safety against freezing at low
temperatures), noncorrosive nature, and relative safety (non-toxic nor readily Inflammable).

Substitution of Radiator - The refrigeration system is designed such that the radiator can
be readily removed from the system and simulatqý operation produced by the attachment of
alternate piping from which the heat can be removed by conventional means.

1.3.6 Power - The power source Is dictated by minimum power, minimum weight,
and minimum volume requirements.

1.4 General Requirements - All components.

S- To be ground tested in a gravity field, however, convective heat transfer will be
eliminated in the case of the radiator by operation in a vacuum.

S- All components are designed and slected on the basis of minimum
weight, volume and power required as well as the ability to withstand the environment of
space flight. That is to say that the system should represent one suitable for actual
space flight except where oonfliots with the ground testing requirements take precedence.
In these oases, however, the deviations from flight criteria are discusaed and the
modifications necessary to produce a flight capability are described.

I



2. of s m and Comnepts ao Selected

The system ooncept choice used for maintaining thermal control within the vehicle is the
Iquid Transport concept whereby a suitable fluid Is used as the mean.sOf conveying the
heat from its source to the radiator where It Is to be rejected into space. A pump
circulates the fluid within the refrigerator or air conditioner and the fluid is directed
through conmecting tubes to the radiator or the outer wall of the vehicle where heat is
removed from it and radiated Into space. Justifications for this concept are presented
In the Concepts Comparison Section of this report and Appendix 1.

Figures I and 2,functional schematics of the system except for the water storage circuits,
Illustrate the integrated refrigeration - air conditioning system. The system has two
separated iquid transport circuits, a low temperature circuit and a high temperature
circuit, each of which will be discused eep r]tely. The low temperature side of the
circuit handles the food refrigeration hbe load of 130 BTU/hr plus the cabin air conditioning
moisture removal heat load of 600 BTU/hr. The high temperature circuit absorbe the
gross sensible air conditioning load of 19650 BTU/hr.

Two separate liquid transport circuits are employed because by specialized design it is
possible to decrease the total space radiator heat rejection area requirement by nearly
a factor of two. This area reduction results In a radiator weight saving of 171 lbs. The
refrigerator requires a transport fluid temperature of -10 0 F, but the heat load to be
rejected from this system is small (1000 BTU/hr, with a safety factor) and so requires
only 29 square feet of radiatng surface. (Reference Appendix 3). If this same low
temperature transport fluid system were used to convey the heat load of the air conditioner,
(18650 BTU/hr) a total radiator surface of.570 ft2 would be required since radiator area
is directly proportional to the amount of beat to be rejected (if all other factors are held
constat). The use of two scparste radiators, a 29 ft 2 low temperature (-100 F) radiator
and a 265 ft2 hig tomperture (+400F radiator, results In a combined radiator surface
of 294 ft2 as opposed to the 570 ft2 required for a single low temperatur radiator. This
is due to the fact that radiant beat transfer between the radiator and space is directly
proportional to the difference between the absolute radiator temperature raised to the fourth
power and the absolute space sink temp. raised to the fourth power. (Ref. Appendix 3).
Hence, the higher the radiator temperature, the more heat it can reject per unit of area.
Calculat•o ndicate that a typical radistor will weiht approximately 0.62 lbs/ft2 of waea
(including fluid, tube and fin), therefore the reduction of radiator area requirement (276 ft2 )
results in a 171 lb. weight saving, sad gives a radiator weight of 182 lb.

Low Tempersture Circuit Description

The low temperature liquid transport circuit utilizes a pump to convey the heat transport
fluid through the heat trmsfer shelves within the box where the fluid absorbs beat from the
compartment and its contents. There are two parallel fluid flow paths within the box and
each is Independently controlled by means of a thermostatic device. The controllers
maintain food temperatures within the chill and freeze compartments at 36 t 40 F and 00
+ S°F respectively. Positive independent control of each of the compartments of the
refrigerator Is necessary in order to maintain food temperatures within the narrow limits
specified. The chill circuit has sufficient heet removal capability to "pull-down" Its
entire food load from 750 F to 36° F over a period of 12 hours. Referring again to
Figure 1, downstream of the freezer coils In the freezer flow circuit are the moisture
freeze-out coils (zero-g water collector) of the habitable environment control portion of

6



I-f T
I IL

L--j L



!I i_____________,_ _ _

II



the system which Impose an additional 600 BTU/hr beat load an the low temperature side of
the system. The low temperature fluid then passes through the pump which forces it
through the space radiator where the heat energy gained from the refrigerator and moisture
removal devices is rejected to space (a space heat sink simulator In this case). The only
additional functional components required on the low temperature side of the system are
the accumulators which compensate for fluid volume changes due to temperature variation.
One accumulator connection to both the low and high temperature sides is used which
results in a weight saving and reduces the complexity of the system.

Hiah Temperature Circuit

As shown by Figure I the high temperature circuit contains an electrically driven pump
to convey the heat transport fluid between the heat source, In this case the air conditioner
heat exchanger, and the space hest sink. The space beat sink simulator for the high
temperature circuit for Project COOL Is a commercial condensing refrigerant unit of
sufficient capacity to handle the anticipated maximum sesble heat load of 18,650
BTU/hr. The commercial condensing unit is an economical means of effectively providing
a high temperature circuit heat sink. t Is used to eliminate the high costs involved In
fabricating a space type radiator and a high vacumm chamber with cryogenic walls as a
simulated space heat sink of sufficient size to handle the high temperature circuit heat
load. These costs were not warranted since the direct radiation to space liquid
transport concept is effectively proven by the low temper-ture circuit of tLe system
with its space type radiator and cryogenic vacuum chamber.

Thermal control of the high temperature side of the circuit (I. eo.cabln dry bulb temperature)
is accomplished by a transistorized temperature controller which monitors cabin air
temperature and operates the liquid pump motor as required to maintain cabin air
temperature at the set value.

The high temperature circuit utilizes an electronic thermal controller which has the
fine ccntrol sensitivity necessary to enable the air conditioner coils to operate just above
the dew point temperature of the incoming air mixture. The resulting temperature
difference between the coils and the air mixture is the nminium (with a corresponding
nmadmum beat transer rate for a given size and configuration of beat exchanger) that
can be obtained without having moisture condense an tho coils. Moisture condensation
on the hebt exchanger coils In this came Is not desirable since the system is designed to
control humidity and collect moisture from the cabin atmosphere by froeeo-cut on the
low. temperature moisture, collection surface. Frtese-s ot moistMre, rather than
condensing, Is a technique which can give positive collection under both laboratory tests
and sero-g flight conditions. Alo Included In the h*gI temperature fluid transport
circuit are the liquid accumulators which as mentioned prevlusly wre shared with the
lowtemperature circuit and serve to compensat for thermal expensions and contractio
of the circulating fluid. The liquid transport flid, oelthesne gool, selected because it
has good thermal properties, presents ar fire or explosion hasard and Is non-tm c.

A ducting network and two parallel blowers, operating contnuouslý s am Lfu- I •dA to devveV
cabin air to the air conditioner complete the major ,tional pars required for the
habitablo environment control system.
The recovered water storage portion of the system Is comprised of a 2 l/S•tdl main

stor eservoir, a S/4fallon chilled water reservoir and a S/4galn bested water
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storage reservoir. The main water-storage reservoir receives water from various recovery
sources (humidity control dsvioes, urine reclamation systems, etc.) and then supplies the
chilled and hebed reservoirs as well as the cabin temperature water outlet. It has provisions
as desoribed later for expelling my sir entrspped within the water that Is received from the
water recovery systems.

The chilled water reservoir cooling coils are connected to the low temperature (0°F)
liquid transport circuit. The flow of the coolant fluid through the coils is controlled by a
thermostatically actuated solenoid valve which maintains the chilled reservoir water at a
temperature of + 40 0 F.

The heated water reservoir has its contents maintained at 170°F by means of a 150-watt
electrical nartridge heater which is thermostatically controlled. By careful overali
system integration an actual space vehicle design oculd make use of a high temperature
heat source to supply the energy required to heat the water.

3. system Packaging and AgIn re Pbiloooddes

3.1 General Discussion

The design for the COOL system has been pursued along a course which results in a
system that is flight optimized to the extent allowed by the fact that it has been integrated
with an already existing feeding console structure aboard the space cabin evaluator.
Other factors such as cost limitation, development lead times, and the desirability to have
the capability of varying internal environmental parameters also hamper the utmost flight
optimization of this system. The purpose of this section of the study is to explain and
justify the system packaging uhiloesohies.

3.2 Configuration

The volume available for the Installation of the Project COOL equipment aboard the
evaluator is that space which was formerly occupied by the frozen food storage compartment
within the feeding console. The entire COOL system has been fitted into this space
(33.75" high x 27.5" wide x 15.25" deep) with the exception of the blowers which are
contained within the inlet duct section to the air conditioner heat exchanger. Fligre 3
illustrates the overall system as packaged for Installation and indicates how it is fitted
within the existing feeding console complex.

The COOL module is mounted within the existing console frame in the same manner as wu
used to mount the thermoelectric freezer. The air conditioner inlet duct system is
mounted in the existing available space beneath the module. The air discharge duct
which connects to the main overhead conditioned air supply trunk in routed through the
space formerly occupied by one of the overhead food storage bins of the feeding console
which was in excess to the required food storage volume requirements.

The equipment module Is designed as an Integral self-supporting structure which can be
installed within the feeding console structure with an absolute minimum of rework. It is
mounted to the console frame by means of a frame of aluminum angles on its outer sides,
top and bottom which are identical to those on the freezer that it replaces. The only
rework required on the feeding console frame was the removal of two cross braces, one
above the module and the other below it, to allow clearance for connection of the air
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conditioner Inlet and discharge ducts. The removal of these braces does not materially
affect the structural integrity of the console framework.

The various subsystems within the module, Figure 4, are arranged so that the air conditioner
heat exchanger and water collector unit are on the left side and the food storage compart-
ment is on the right. The liquid transport pumps, thermal control devices and accumulator
are mounted ahove the refrigerator compartment. As can be seen In Figure 4, the system
is broken down into submodules which can be independently removed from the main
equipment module.

The ductwork installations did not require rework to the feeding console, other than the
drilling of mounting holes or the installation of anchor nuts, to implement their installa-
tion. The main overhead duct trunk runs the entire length of the cabin and is designed so
that branch outlets or discharge louvers may be fitted Interchangeably at various locations
along its length. Also, Its connection to the discharge duct from the air conditioner
plenum is designed so that their junction can be made anywhere along the length of the
overhead trunk. This ductwork configuration permits the feeding console to be placed
at any location along either wall of the cabin evaluator and also allows the varied
arrangement of other internal heat source equipment without the necessity of reworking the
entire duct network each time the cabin equipment is rearranged. Figure 5 Illustrates
the detail design of the ductwork system.

3.3 Pre-flight Operations and Food-Loading

Operational Checkout

The system has been designed so that pretest operational checkout procedures are
minimized and simple to perform. The blower operational checkout will be merely to
ascertain that electrical current draw and static pressure in the air conditioner plenum
are within specified limits. Also required will be flow and pressure checks of the two
liquid transport circuits to assure that both pumps are within operational limits. Thermal
control devices are next to be checked for proper cut-in and cut-out temperatures.
Liquid transport fluid level within the system is checked and this completes the pre-
flight operational checkout.

Food Loading

Figure 6 Illustrates the food atorage submodule installed within the equipment module.
It has been designed so that this complete assembly can be removed from the COOL module
as a unit, loaded with the mission food requirements and then merely "plugged-into"
the main module once more. Food removal procedures are explained in detail within the
Equipment Design section.

Maintenance

The system has a minimum number of functional components which increases reliability.
MaintLeance procedures required are, as a result, also minimized. Should a component
failure occur during a test or "flight" it can be easily replaced by access through the
front of the equipment module. Special tools for servicing and maintenance are not required.

12
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3.4 System Weight and Power Requirements

The Project COOL equipment has a total weight of 192 lbs. not including the food load
and the weight of the external space radiators.

The total combined radiator weight as required for the two liquid transport circuits is
estimated to be 182 lbs. including the liquid transport fluid. This configuration would
be one which has both sides of its surface radiating to space and is the configuration that
has been selected as the space radiator to be built for the low temperature circuit of the
Project COOL system.

The total power requirement for the COOL system is 775 watts as itemized in Table 1.

4. Heat Removal Concepts Comparison

A comparison of total system estimated weights for various heat removal concepts which
might be used aboard a space vehicle has been compiled and is presented in Table 2.
The system weight Is defined as the sum of Internal cabin equipment weight plus external
space radiating surface weight. It does not include the weight of the food to be stored.
Also presented in the table are the power requirements for each of the concepts. From
Table 2 it can be seen that the Liquid Transport concept Is the optimum on a power nnd
weight basis. Appendix 1 gives additional detailed comparisons of these concepts.
Advantages and disadvantages of the different methods considered are discussed below.

4.1 Liquid Transport Concept

Advantages

a. Various components may be located at different places within a vehicle without
penalizing the efficiency of the system other than the additional weight of the interconnecting
tubing between components. By use of a single pump, it is possible to remove heat from
several sources and convey it to a common v'adiator for rejection to space.

b. Since the liquid transfer fluid Is not required to undergo any change of state, as is
the case in a vapor compression cycle, it is not gravity dependent so far as its operation
is concerned. With vapor compression the main design problem in space, aside from
the greater power required, would be separation of liquid and vapor phases.

c. Also, the temperature levels of separate compartments (freeze and chill in the
refrigerator), may be independently controlled at different levels within the same liquid
transport system. This is accomplished with a minimum of compromise insofar as the
operational efficiency of the system is concerned.

Disadvantage

The only disadvantage of the liquid transport system is that it can reject heat only when
the external sink temperature is lower than the temperature of the cabin or refrigerator
compartment temperature. A low temperature sink, however, is available in outer
apace and by proper orientation of the radiator during a mission it is possible to take
advantage of this low temperature sink.

16
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4.2 Thermoelectric Cooling

Advantaxes

a. Silent operation
b. No moving parts
c. Unaffected by the absence of gravity
d. No refrigerant required
e. Relatively efficient for small cooling loads and capable of producing cooling effect

over small area (good for spot cooling).

Disadvantage.

a. Low coefficient of performance compared to other heat pumps for all cooling loads
other than very small values (based on present state-of-the-art).

b. High temperature differences between source and sink reduce efficiency further.

c. Physical arrangement requires that heat sink be in close proximity to heat source
otherwise and Intermediate transport medium is necessary.

d. For large cooling loads, an extremely large volume of thermoelectric material is
required resulting in large heat exchangers, large volumes, and sizable weights for the
elements and heat exchangers alone.

e. For space vehicle use, where electrical energy at the present time is a scarcity, the
power required to operate such a system is prohibitive. Where an inefficient heat transport
means is used, the heat to be discarded increases greatly because the power used by the
beat transport means and converted to heat is added to the original cooling load. This
results in an increase in the exterior radiator required to ultimately reject the heat to
space. Thereforebon a weight basis, the generating equipment required for the power, the
additional radiator area necessary, and the weight of the elements themselves create an
exorbitant weight penalty. (See Table 2)

4.3 Vapor Compression System

Advantages and Disadvantagies

a. A system sized to handle the Project COOL heat load could be expected to have a COP'
somewhere in the vicinity of 2 which means that for the 18,000 BTU/hr air conditioner
heat load which must be rejected, a heat equivalent for the compressor work of approximately
9000 BTU/hr (2640 watts) must be supplied from vehicle power sources.

For use in a laboratory test bed application, if the only desired intent is to provide .a
reliable proven method of heat rejection, this vapor-compressions system would appear
to he very desirable.

b. The weight of the two vapor-compression systems (refrigerator and air conditioner)
required would be approximately 150 pounds not including radiator or evaporator weight.
This is essentially 150 pounds more weight than the liquid transport system moit is
obvious that the two do not compete in respect to weight. It would not be advantageous

*coefficient of perfoilmce 19



to use a single vapor compression system for both air conditioner and refrigerator
functions since the low evaporator temperature required by the freezer would then
dictate the hardware choice for the entire system. Since a major portion of the cabin
load Is actually at the higher temperature of the air conditioner evaporator, the COP of
a single system based on Freezer requirements would be penalized. The consequence
would be an increase in power consumption and hence, additional power source and
radiator size.

c. Perhaps the decisive factor at this time in discarding a vapor compression system for
space use is the fact that no proven hwaxdware design coufiguratlon prenently exists which
could separate the two refrigerant phases (L.e. gaseous and liquid) under zero-g conditions.
Without the development of practical techniques or devices to accomplish a positive
separation of phases, It is not possible to efficiently operate a two-phase system.

d. The eventual development of a vapor compression system which will work in space
would permit its use in applications where the orbit conditions were such that radiator
orientation could not be controlled, or a minimulm of area were available for radiator
surface. In this case the vapor compression system, because of the higher temperatures
at which it rejects heat, might be advantageous.

20



SECTION M

EQUIPMENT DESIGN

1. Equipment Module Shell Design

The outer shell structure for the equipment module, which houses the majority of the
system, is designed as a riveted assembly and utilizes a sandwich construction for Its
wall sections. The wall is composed of inner and outer aluminum skins which enclose
one-half inch thick polyurethane foam panels. The aluminum skins were bonded to the foam
with an epoxy resin adhesive, each panel was cut to size and then the module shell formed by
riveting the panels together in conjunction with an inner and outer corner framework of
structural aluminum angle. The shell thus formed was mounted within the feeding console
aboard the evaluator. The various subsystems were installed within the shell from the front.
The removable front panels of the module shell provide easy access to any of the system
components for servicing or replacement.

The foam sandwich wall construction gives a lightweight structurally stiff wall which is
also a good thermal and acoustic Insulator. The thermal insulating properties are
required to prevent "sweating" (the condensation of moisture from the cabin atmosphere)
on the outer wall of the shell adjacent to the food storage compartment and to reduce
leakage of heat in the refrigerated space.

2. Refrigerator Sub-Module Design

The sub-module was constructed of an inner aluminum shell which gives structural
support to the food restraint mechanism and heat transfer shelves and forms the vapor
barrier for the compartment. One-half Inch of polyurethane foam was "foamed-in place"
to the outside of the shell and contributes approximately 40% of the thermal insulation
to the refrigerator. The remainder of thermal Insulation it provided by the foam
sandwich wall of the system equipment module. This composite wall results in a steady
state heat leek of approximately 80 BTU/hr (Appendix 2). Figure 7 is a section through
the wall of the equipment module with the refrigerator sub-module installed in place.
Also shown is the refrigerator door and door joint configuration.

The selection of the insulation material was predicaLt I by factors other than those dealing
with design optimization of weight and volume. The primary objective of this design study
was to finalize a configuration for a food preservation technique which physically proves
the feasibility of a Liquid Transport system rejecting beat by direct radiation to space.
Therefore, any design decisions were heavily weighted in favor or proving this radiation
concept.

"P-zero," the insulation which was recommended in Appendix 1 was not selected for
this prototype because the time available for the fabrication was not sufficient to obtain
the raw material (specially oriented glass fibres), or develop the special tooling required
to fabricate a box from "P-zero."

In place of "P-zero," a polyurethane freon-fllled foam was selected as the insulation
material, because it is available "off-the-shelf" and readily lends Itself to fabrication
in model shop facilities. By referring to the FROST feasibility study report (Appendix 1)
it can be seen that thermal conductivities of freon blown polyurethane foams are the
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second choice with respect to "P-zero" when compared on the beasi of weight and

volume.

Refriserator Door Dealin

The door design configuration also Is depicted in Figure 7, a typical cross sectional
view taken through the door Joint. The door is hinged from the main equipment module
rather then the refrigerator sub-module. This makes possible a longer heat conduction
path around the perimeter of the door joint (resulting in less heat gain to the food compart-
ment) and also lessens the weight of the refrigerator sub-module by some 6.50 lbs.,
making the module a more easily handled package for installation during food loading
procedures.

The door was designed and constructed similar to the box envelope with the exception
that the Insulation was foamed in place within the preformed door structure. This type
of construction makes possible the Incorporation of a formed integral edge for the door.
A swinging door was chosen over a sliding configuration to assure a good door seal
joint, and also to minimize the complexity of the overall door design. Furthermore,
sliding doors are more prone to "sticking" or jamming In their guide rails due to the
Interference of foreign objects, distortion of the rails or door warpage.

A single door common to both the chill and freeze compartments was determined to be
the most efficient configuration, since it gives a minimum length of door gasket and
reduces by half the number of door latches required. The only disadvantage of a single
door is that contents of both compartments (chill and freeze) are exposed to the ambient
atmosphere each time the door is opened, with the resulting exchange of cold dense
compartment air for that of the relatively warm room ambient air. During weightless
conditlovs of space flight, "air exchange" due to free convection will not occur, however,
for laboratory test conditions free convection does exist and its effects must be considered.

Appendix 2 gives the calculations which were performed to determine how much heat energy
must be rejected by the system each time the box door is opened. The value of 9 BTU was
determined by assuming that a complete air change within the box occurred each time the
door was opened, certainly a conservative assumption. If this additional heat load were
Imposed on the system as often as 3 Uimes an hour (three door openings per hour), it
would not over-tax the capacity of the radiator.

Gasket and Joint Configuration

In the design of an aperture in a wall which acts as a thermal insulator in earth environments,
the edge leakage is a function of both conductive and convective heat transfer. Radiation
gain or leases, as the case may be, are minimized due to the small cross sectional area
of the gap between wall and door. Additimonaly, refrigerator door joints must have
Insulating properties which are adequate to give an outside (room side) surface temperature
which is highdr than the dew point of the most humid atmospheric conditions to be
encountred. if the door joint is not designed to sati•y the latter requirements, moisture
condensation (sweatiM) will occur around Its perimeter.

The door sealing flange was made as wide as possible within the space available to give a
maximum length to the conductive air path between the door and the seal surface of the
box. This air space is the major thermal barrier to the transfer of heat in the door Joint.
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A "deed air" spes Is a gpod thermal Insulator It free convection can be minimised, and to
accomplish this good practice in the reftigersior Indsatry requires that the clearance
between the door and the sealing flae of Ohe ex, when the door Is secred, musit be
approxiatm ly one-qurte of an Inch. The gasket seal around the perimeter of the joint
affords a pood vapor battler and further reduces conective heat transfer. PleyIflene
breaker strhip were placed to minimise conmdutive beat transer along he edges at the
door joint. IN the alumimmm inner and nuier hbo walls were thermally naked with mnetac
breaker stripe, such as alumimn, the beat codected through the door joint would be
significantly increased. For example, dh thermal condmutivity of alumimum is approximately
1200 times that of polyoeyleoe. Refer to Appendix I for detailed calculatons ot beat leakage
thrU g the door joint.

Polyethylnme, a thermoplastic, was selected for the breaker stripe because at its
comparatively low thermal conductivity, good dlmusloma stability. end high mpeact
strength, a weal as the fact that it lieds Itself well to hest forming at comparatively
moderate temperatures. No contamination should be Impated to the atmoopbere or food
from this material as it is presently widely accepted for use in the m ufate of food
containers of all types.

Door Latch

The latch utilized for the refrigerator door (Figure 8)was especially developed to give
ease of operation under the weightless condtions of space flight. In order to open the
door the latch hand grips are squeezed together between the thumb and fingers. The
force balance within the hand is such that the compressive forces applied by the fingers
and thumb are equal and opposite and.thereforecancel each other. The force. within
the hand itself are therefore in balance and no external forces must be applied to keep
it in equilibrium. In other words, under sero-g conditious It is possible for the crewman
to unlatch the door and not pull himself toward or away from the door as he would if a
conventional push or pull type latch release mechanism were utilized.

Internal Conafgration

Because of weightless conditions encountered during space flights, the food storage racks
within the box were designed to Individually restrain the food containers. This has been
done so that removal of a number of containers does not permit the remainder to "float"
around within the box. Even worse, when the door is opened, the entire contents of the
refrigerator could drift, or be easily displaced from the food compartment, into the
cabin were they not restrained. The food container restraint racks also serve the
additional function of carrying the cooling fluid through the refrigerator. This enables
the pull down rate of the chill compartment (entire contents from 70°F to 36OF In twelve
hours) to be more easily accomplished because each container to be chilled has a thermally
optimum conductive path to the heat transport fluid.

The choice of this purely conductive heat transfer path between the food and the liquid
cooling coils was made over a heat transfer pith which uses an intermediate convective
heat transfer means between the food and cooling coils located in the walls. Cold plates
have several advantages in this application. First, since the food containers must be
individually restrained it is efficient to have these restraint racks also carry the heat
transfer fluid. Furthermore, since as previously stated free convection will not exist in
outer space, it would be necessary to provide a means o forced convection in each
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compartment by use of a small blower which would consume some 8 to 15 watts of
electrical power each, depending on the pressure level in the box. Thb additional 16
to 30 watts of power would have to be supplied to the fan motors and then rejected as heat
from the box to the radiator. This higher heat load would result in an increase In radiator
size, and furthermore, if the fluid coils were on the inside of the box walls, the
temperature differential (AT) across the box wall would be greater. This greater A T
would generate a greater rate of beat transfer across the walls, imposing a larger heat
load on the radiator and further increasing the surface area required to do the job. In
other words, the placement of the cooling coils within the food support shelves permit
the air space insidethebox and the food itself to act as additional thermal insulatlor.
The additional insulation decreases the overall coefficient of heat transmission between
the cooling fluid and the cabin atmosphere which decreases the heat transferred to 'he
fluid. From the above discussion it is concluded that the exclusively conductive c-.ling
means, which has been selected, is more efficient as regards power, weight, spacf and
temperature gradients.

Food Container Restraint

Referring to Figure 9, it can be seen that two types of shelves (coolant transport shelves
and restraint shelves) are alternated in their arrangement within the box. This means
that each and every container has one side in direct bearing with a cold fluid carrying
shelf and its opposite side in contact with a spring loaded restraint shelf. The removal
of food containers is accomplished by pulling out a "pallet" of food containers far ei ough
to remove the number of containers desired. The palletlong with the remaining
containers, is pushed back all the way Into the box. The force required to extract or
insert the pallets is on the order of 5 or 6 pounds. This arrangement has a minimum
of mechanism and moving parts. For this reason, it should be the least affected by
frost accumulations within the box.

The contact with the fluid carrying shelf assures a good heat transfer path with resulting
efficient "pull down" capability in the chill compartment and an even temperature profile
within the freeze compartment. The heat transfer paths are further optimized by the positive
force of the spring loaded shelves which forces each container against the heat exchange
surface with a pressure sufficient to maintain the AT between the container and shelf at
less than 10F.

a. Low Temperature Fluid Pumplin Requirements

The heat rejection capacity of the low temperature liquid transport circuit must be
sufficient to convey the waste heat from the food storage compartment of approximately
130 BTU/hr, plus the heat load of the moisture freeze-out coils which are designed to
remove 600 BTU/hr. This gives a total calculated heat load of 730 BTU/hr. However,
in order to have a reasonable margin of safety, the space radiator design was sized to
give a heat rejection capability of 1000 BTU/hr. The fluid pumping rate was determined
by defining the maximum allowable fluid temperature rise through the freezer coils as
20 F and assuming that 1000/730 (margin of safety) x 130 BTIT/hr (total box heat load) =
178 BTU/hr are to be required to give this 20 temperature rise to the fluid. By solving
the following equation for w, fluid mass flow, the pumping rate can be determined:

Q = w C pAT (1)
p
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where

Cp = specific heat0.78 BTU/°R# for 50%-50% glycol water @ 00?

w = fluid m-ss flow, #/hr (unknown)

Q = heat load, 178 BTU/hr

AT = temperature rise, 0F

Using 50%-50% glycol-water as the heat transfer fluid, a pumping rate of w = 178/.78 =

114 lbs/hr or . 214 gal/min of glycol-water is required.

The pump selectedjhas the capability of delivering 0.6 gal/min at a head of 30 ft. of
fluid. It is a centr/ft•al pump which is packaged as an integral pump-motor assembly,
embodies aircraft type construction and meets the environmental requirements of the system
specifications.

4. Accumulators

As previous" mentioned, the hydraulic circuit must be totally filled with fluid to prevent
the pump from becoming airbound which would interrupt the flow of liquid transport fluid.
Since the specific volume of any fluid varies with changes in temperature, an expansion
chamber (accumulator) must be provided in the system to give the necessary "variable
volume," thus preventing excessive fluid pressure build-up and possible rupture in
some section of the circuit. As discussed previously, a single accumulator circuit
common to both fluid circuits is used for the COOL system.

The accumulator design configuration is comprised of a cylindrical vessel containing a
spring loaded piston which has a rolling diaphragm seal. The vented side of this piston
is referenced to cabin pressure. The accumulator will have sufficient capacity to
compensate for change in fluid volume which result from temperature variation between
-50°F and + 165 0F. Fluid pressure within the system as a result of piston spring force
will vary between 1 and 3 psi above the pressure level on the vented (reference) side of
the piston.

The rolling diaphragm piston seal is a commercially available device which has many
advantages over other piston sealing configurations. The rolling action of this diaphragm
can be visualized by referring to Figure 10. As the diaphragm and piston are moved in
an axial direction, due to an applied pressure, the diaphragm rolls off the piston sidewall,
and onto the cylinder sidewall, with a smooth and continuous motion. 'The diaphragm is
approximately .025 inches thick and is made up of a fabric overlay which is impregnated
with an elastomeric sealant. The fabric-elastomer combination to be used will give
satisfactory service over the entire operating temperature range of the system. The
rolling diaphragm gives the following specific advantages for this application.

a. A positive static seal is provided by the membrane with no possibility of "blow-by"
leakage past the piston.

b. The long stroke capability makes possible the optimization of the bore to stroke ratio

for the accumulator as regards its packaging in the system.
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a. The device provides an automatic de-icing action due to its rolling action and thereby
prevents a "freeze-I" on the ventad side of the piston.

d. Close tolerances are not required between cylinders and walls to accomplish the seal
nd~trforefminor dents, scratches, or temperature variations will not cause binding

or seizing.

e. Fatigue life of the device has exceeded 100 million full stroke cycles, in some cases,
since the material is not stretched at any time throughout its stroke.

By referring again to Figure 10, it can be seen that the accumulator body to bonnet seal
is accomplished by the retaining lip around the perimeter of the diaphragm, thus eliminating
the need for a separate gasket to seal the joint. The body and bonnet are machined from
6061-T6 aluminum alloy and protected with a chromic acid anodic coating.

5. Habitable Atmosphere Control Equipment

5.1 Air Conditioner Heat Exchaswer

5.1.1 Design Criteria

The heat exchanger configuration for the air conditioner is the optimum so far as the
overall system weight, power source weights and volume available are concerned. The
criteria for the establishment of the configuration were:

a. That the overall exchanger size was not to exceed the space available within the
allocated volume for the system.

b. Air side and liquid side pressure drops were to be minimized which correspondingly
results in minimum pump and blower power requirements.

c. The exchanger coil temperature was to be maintained at or above the highest dew
point temperature to be encountered within the cabin. Maximum allowable cabin temperature
and relative humidity are 75 0F and 50%,respectively~which result in a dew point temperature
(the temperature at which this vapor partial pressure is at the saturation point, 100% R. H.)
of 550 F. This prevents the condensation of moisture on the exchanger coils since, as
discussed later, it is desirable to control humidity and collect moisture by freeze-out
techniques.

d. The beat exchanger as designed will remove a 18650 BTU/hr gross sensible beat
load and maintain the cabin temperature at 75 0 F. The cabin temperature may be set and
maintained if desired at a temperature as low as 60OF and 50% relative humidity. This is
possible since the dew point temperature corresponding to the latter cabin air mixture
conditions Is approximately 400 F. The coil temperature under these conditions may be
dropped considerably below the 550 F dew point temperature corresponding to a 750 F 50%
R. H. air mixture and still not result in moisture condensation on the coils. It is
emphasized here that the humidity control and moisture removal from the cabin air
stream are accomplished separately on the low temperature moisture freeze-ot surface.
This freeze-out element has sufficient capacity to maintain the vapor partial pressure
below 0. 07 paia which is the partial pressure that results in a 30% Relative Humidity at
600 F. Therefore, it is possible with the proper manual control device settings to maintain
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the cabin temperature at various settings between 60°F and 75°F and yet prevent

condensation in the exchanger coils.

5.1.2 Method of Determining Size Requirements and Configuration

The heat transfer capacityQAof a heat exchanger, may be expressed by the following
relationships:

Q = UAAt (2)

where

Q = heat transfer rate, BTU/hr

U = overall coefficient of hbet transmission, BTU/hr - OF-Ft. 2 , which
is the series sum of several thermal conductances

A = area of heat transmitting surface

t = log mean temperature differencem

and
&tA -AtB

tm A B (3)
loe A t B

where Ata and A tb are the temperature differences at ijilet and outlet ends respectively.

If the temperatures of the fluids entering and leaving are known, Atm is determined
from Eq. 3. This value of tb and a suitable value of U make it possible to find the
area A required to transmit Q BTU/hr. The determination of a suitable value for U is
usually a reiterative process since it is composed of the sum of the following thermal
conductance coefficients in series:

a. Cold Side surface film coefficient of conductance.

b. A wall conduction component. Very often the wall resistance value Is negligible and
may be omitted.

c. Hot Side surface film coefficient of conductance Including the temperature Ineffectiveness
on the* extended area on this side (the air side in this case',,.

The above outlined method of area requirement calculation ts known as the log mean
temperature difference method and has been used extensively in the past. Recently, a
second method, the "Heat Exchanger Effectiveness - N T U" method has become the
recommended and accepted method for heat exchanger calculation. This method has
been used to design the COOL air conditioner heat exchanger. Reference 2 gives a
detailed explanation of the method and its background.
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The effectiveness - NTU method for the sizing of heat exchansers has certain inherent
advantages over the LMTD method: (Reference 2).

a. The effectiveness is a thermodnamically significant parameter (much like an efficiency
factor).

b. The effectiveness - NTU method clearly shows the application of both the beat transfer
rate equation and the energy balance principles to het ezchanger design.

c. This approach simplifies the calculations involved in predicting the performance of

complex flow arrangements.

5.1.3 Description of Confguration Selected

The heat exchanger assembly is depicted In FIgures 11 and 12 and the caloutitons to support
the design of the configuration are included in Appendix 4. The heat exchange surface
selected is a spine finned tube outer surface with a tube inner surface which is in the form
of a set of helical lands and grooves. It is fabricated from aluminum and is presently
used extensively as a high performance evaporator surface in General Electric Portable
Home Air Conditioners and it was applied in the Discovered Life Cell Air Conditioner.
Reference 3 gives reliable performance data for this surface and makes possible the
accurate calculation of the surface area requirements. This combination of accurately
defined performance characteristics, plus a relatively high overall U (overall coefficient
of heat transmittance) and Its light-weight construction predicated the choice of this material
for a heat exchange surface.

Referring once again to Figure 11 it can be seen that a total of 48 lengths of tube surface
are arrsanged between tube sheets with 1800 return bends connecting the liquid side passes.
The entire assembly is fabricated to form a single integral assembly which may be easily
removed and replaced should it become necessary. The liquid flow configuration through
the tubes is composed of twelve parallel paths of four passes each. The air side flow
path is a modified cross flow pattern over the tube surface. Figure 13, a side elevation
cross sectional view of the heat exchanger plenum, illustrates the attitude of the heat
exchanger with arrows to Indicate the air flow paths. This arrangement results in a
design which allows the maximum air side free flow area to be obtained within the volume
available. A maximum free flow area results in minimum air stream velocities across
the exchanger surface andzhence mnlmum air side friction losses. Friction losses for
a liquld-to-liquid exchanger are small because of the comparatively low power requirements
involved in pumping high density fluids. However, in the came of the COOL exchanger, a
gas-to-liquid exchanger, the air side friction losses involved in moving the low density
medium assume importance equal to or greater than the heat transfer characteristics and
must be Investigated.

The air side heat transfer coefflclent ha, for diatomic gues and forced convection across
a tube surface may be approximated as:

ha a 0.24 (D. p•V)6 x f (4)
a a D

0

where D = outside tube diameter
3
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* - gasdesnsty

Kf - thermal ooedimotivity of gas film

m f - achQloe viscosity of ga film

N gas teqmprture, pressure ped sxager surface configuration remain fixed the
Above redoes toh I K(V_)-'

where K - 0.4 (D• 0o)o 0 6 a v - facevelocity

The comapeohas of a beat emxcanger is Increased by raising its overall coeffldcean of
heat trammision, U, which Is equal to:

- - + - (5)UA hA hAf

when ha and f are air aide and liquid side heat transfer coefficients respectively. The
thermal reuistee of the exchanger murface itself Is neglected here. From the dhove
equation it can be sees that the air side coefficient only partially determines the thermal
transmissibility of the eochouger andtbereforestbe transmissibility coefficient U will
vary as some power has than ha to the 0.6 power. The air pressure drop across the
exchanger surface for a given coefration vales approximately as the square of the
velocity. Air horsepower, or fan power output is determined from the product of air
volume (CFM) and pressure rise. Thereforeit can be stated that for a constant flow
rate and specific exchanger confguration, the air horsepower required varies directly
as the smare of the face velocity.

To summarize in a single statement, it can be stated that If air velocity across a given
exchanger confiuration is increased, the thermal transmissibility, U, will increase
directly as Va 0.6 (at best) and the air horsepower requirement for a given mass flow
will increase approximately as V2 . Therefore to flight optimize an exchanger the air
aide surface face velocity must be minimized by designing for the maximum free flow
face area that can be packaged within the volume allocated.

This theory may be validated by comparing an alternately sized exchauMer with the COOL
design. As mentioned previously, the COOL exchanger has a minimum air aide beat
transfer coefficient (maximum free flow area) which results In an exchanger weight of
twenty ba. The two blowers weigh 21 hba. combined and consume a maximum of 350
watts. Three hundred and fifty watts require 44 bs. of power source (solar voltaic cells).
This gives a total combined weight of 86 hb. Now if the air side free flow area were
halved the face velocity would be doubled. This increase In velocity would Increase the
air aide heat transfer coefficient approximately 57% and the heat exchanger weight would
be decreased to 13 hba. However, the air side pressure drop would increase by a factor
of four. This means that the blower power requirement would be quadrupled assuming that
motor and form efficiencies remain constant. The total combined weight is now 13 bs.
(exchanger) + 30 ]ba. (blower) + 176 hs. of power source weight for a total of 219 lbs. It
Is evident th the minimiastion of air side fricto losses is a prime requisite in the design
of space ca hbeat exchangers.
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The four-peas liquid flow path permits a close approximation to counter-flow performance
(the most effective flow confIguration, Reference 2)ýwithout becoming encumbered by heater
and ducting difflcultiee which accompany oounterflow arrangements. The twelve parallel flow
paths result in liquid pumping velocities which give Reynolds numbers In the transition
range between laminar and turbulent flow. If pump losses were to be lowered by decreasing
fluid velocity (24 parallel flow paths for example) the overall coefficient of beat transmission,
U, is decreased to a value which requires a larger heat transfer area to handl the 18650
BTU/hr load. The only method of Increasing area within the space available is to place
more tubes in series across the air flow path of the air conditioner plenum. This would
increase the air side pressure drop and result in a fan power increase that would greatly
overshadow the liquid pumping power savings.

A very high area compactness ratio (heat transfer area per unit of volume) is obtainable
by use of plate-fin extended surface confIgurstions when both fluids are gases and an
extended surface can be effectively utilized on both sides of the exchanger. Various
plate-fin configurations were investigated and discarded because the COOL beat exchanger
is a liquid-to-gas type of exchanger which more efficiently utilizes the finned tube surface.
This type has an external surface (gas side) area may times the internal (liquid side)
surface area and is desirable because gases characteristically tend to operate with lower
surface conductances than liquids and more area is required In the gas side of the surface
for a balanced design.

The physical and operating characteristics for the exchanger are summarized here as
extracted from the contents of Appendix 4.

Est. Wt. --- 1I
Shze --- 4" x I2" x 33"
Air Side Pressure drop - 0.5" H20
Liquid Side Pressure Drop - 6.0 ft. fluid
Fluid Flow Rate - 6.0 GPM, 50%-50% glycol water
Air Flow Rate - 900 STD. CFM

5.2 Moisture Removal and Humidit Control

A total•y closed environmental system such as the AMRL evaluator or a manned space
cabin must have some means of removing the moisture which accumulates in vapor form
within the cabin atmosphere. Without such a moisture removal device the cabin water
vapor partial pressure would soon reach saturation with resulting moisture condensation
on cabin surfaces and uncomfortable living conditions.

There are two main sources of moisture within a closed system:

a. Approximately two bs. per man per day as exhaled vapor and evaporated perspiration.

b. Water vaporised dring food preparation.

The project COOL specification states that cabin Relative Humidity is to be maintained
between 30 and 50%. Numerous methods have been proposed to perform this control and
removal fnaction under so" conditions of space fl . Table 3 presents a condensed
compilation of several possible methods. Major advantages and disadvantages of each
approach are also cited.
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6.2.1 Discuson of Mstm Freeze Out Teenane

The moistur freae-out technique has beo selected for development and ntegration
within the COOL habitable onviment control system. Its the only method which will
permit the recovery of the moisture for re-use without expending my electrical power
other than that required to pump the lquid trnsport fluid throuh tho collector coils.
A low tempersau fluid already exists In tho refrigerator liquid transport circuit. TIe
additional latent and sensible heat ioed Imposed by the freese-out device does necessitate
that the low temperature radiator surface be Increased by some 18 square feet. This
additional 18 square feet of radiator results In a weight Increas of approximately 14 be.
plus a heat transport fluid weight of 3 . bhe frezoe-out device Itself is estimated
to weigh approximately 3bs., bringing te total combined weight addition to accomplish
whs famction of !jiJts.

TABLE 3

METHODS OF MOITURE REMOVAL FROM THE AIR OF AN

AT•FIIAL NVIRoNMENT

Method AdvanItagest~

1. Absorption of moisture by Capable of absorbing up to Not recoverable and is lost,
passing air through a bed 0. 6 pounds of water per pound for future consumption.
of Lithium Chloride. of dry LiCI.

2. Absorption of moisture by Water is recoverable by Absorbs only 15% of dry
passing air through a silica thermal regeneration or weight thermal regeneration
gel. silical gel is recoverable requires& 052 KW per man.

by vacuum regeneration. Vacuum regeneration all
water Is lost to space.

3. Absorption of moisture by Water is recoverable by Absorbs only 10% of dry
passing air through a thermal regeneration or the weight thermal regeneration
molecular sieve, sieve is recoverable by requlres. 066 KW per mam.

vacuum regeneration. Vacuum regeneration all
water is lost to space.

4. Condensation and Freeze- Water is recoverable and a A method of water collection
out of moisture on a cold low temperature fluid is must be developed.
surface. available to condense and

freeze the moisture.

The moisture freeze-out collection surfaces are illustrated in the air conditioner plenum
on the downstream side of the heat exchanger coils. The cold surface of the freese-out
plate is maintained at a temperature of approximately 0°F and each has approximately
80 square inches of active area. A fluid carrying coil is dip brazed to the back side of
the freeze-out surface and is insulated with one inch of polyurethame foam to prevent
frost collectaon on the "back" side.
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The freeze-out surface is shrouded from the main air stream. An opening around
the perimeter of the shroud permits the migration of vapor molecules to the cold
surface.

The lowering of the water vapor partial pressure In the area immediately adjacent to
the cold surface, by condensation and freeze-out, causes vapor molecules to flow to
this area of lowered vapor pressure in an attempt to reach an equilibrium pressure.
Thuspoontinuous freeze-out and control Is assured without the necessity of imposing a
restriction on the entire conditioned air stream. This means that moisture can be
removed even when there is no requirement for cabin cooling.

5.2.2 Automatic Moisture Removal and Recovery Appartus

The technique which utilizes moisture freeze-out to maintain humidity control necessitates
the use -of some means that periodically and automatically defrost the freeze-out surfaces.
f frost accumulations were not periodically removed from the freeze-out plate its

efficiency would be lowered and in time the frost accumulations would build up sufficiently
to restrict the air flow paths surrounding it. Furthermore, an additional source of
potable water is available here for recovery. The automatic moisture removal and
recovery apparatus is comprised of two finned plate surfaces (one active and the other
defrosting) exposed to the conditioned airstream as It exhaust from the air conditioner
beat exchanger. The temperature of each surface is Independently maintained within
narrow limits at either of two temperature levels. The active "freeze-out" plate Is
maintained at approximately OOF by allowing fluid from the low temperature liquid
transport circuit to flow through its tube paths. At the same time, the Inactive (defrosting)
plate has its ubes filled with fluid at approximately 50.F flowing from the high temperature
liquid transport circuit. Each plate has sufficient area to efficiently freeze-out excess
moisture from the cabin atmosphere and maintain humidity between 30 and 50% for a
period of approximately one hour. At the end of one hour, the "active" plate is switched
to its defrost phase of the cycle and the defrost plate assumes the function of freezing
out moisture. The switch is accomplished by means of an automatically timed valve
which alternately reverses the fluid flow paths of each of the plates from low temperature
to high temperature circuit or vice versa. As the frozmn moisture on the defrosting plate
is thawed, it flows as a thin film between the accumulated frost layer and the surface of the
plate. The flow direction of the liquid is determined by the suction side of a small pump
which is manifolded to the surface of the plate. The pump suction is switcheql to the
appropriate collection surface by mean of the same timng devices which programs the
liquid transport fluid switching valve. A recovered water storage reservoir to receive
,the discharge from the recovery pump completes the equipment necessary to provide a
Iflly automatic moisture removal and recovery subsystem.

The automatic defrost technique outlined above is accomplished with a minimum of
additional power consumption since the high temperature liquid transport circuit provides
a sufficiently high temperature source of beat energy to melt the frost accumulations without
expending my electrical power. The power to actuate the flow switching valve, programmer
end recovery pump totals some 15 watts. No additional liquid fluid pumping electrical
power is necessary.

The removal of excess moisture from the atmosphere of a space vehicle cabin by means
of free, e-oui techniques will function equally well under bothi zero g and laboratory,
ground test conditions. The froenn moisture removed from the atmosphere as a solid
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poses none of the problems associated with confinement of liquid matter. However,
automatic collection ad recovery of this moisture In the absence of gravitational field
requires the solution of several problems the solution of which can only be positively
validated by actual\ zero g tests. noe Qiicmt of air Into recovered water storage
vessels during collection is undesirable since it will result in only partial filling of
drinking vessels and the feeding containers used for the reconstitution of dehydrated
foods. Unfortunately, the major problem associated with liquid collection under zero g
is that of separating the Uquid and gaseous phases of matter and the successful solution
of this problem is the key to obtaining an efficient Izero g operable moisture collection
system. Following Is a description of an spproach which will provide the solution to
these problems. As mentioned previously, the frost layer accumulates on the exposed side
of a plate until the freeze-out efficiency of the plate is lowered. At this time, the defrost
phase of the cycle is initiated by switching the liquid transport fluid flow through the plate
cofis from the low temperature to the high temperature liquid transport circuit. Melting
of the frost layer now begins mainly at its interface with the freeze-out plate because heat
transfer coefficients on the air side of the frost layer will be considerably less then those
at the freeze-out plate during defrost due to molecular adhesion (surface tension) forces
between the liquid film, the plate and frost layer. The moisture recovery pump draws from
this liquid film formed between the frost layer and the freeze-out plate.

During its induction stroke the recovery pump draws a mixture of the condensed moisture
from the plate and cabin air as well. This induced air must be separated from the
recovered liquid. An effective 'memis to separate the entrapped air has been Incorporated
in the main water storage reservoir of the water supply system.

The 2-1/2-gallon storage reservoir contains a spring loaded piston with a sliding diaphragm
seal. Pressure is maintained within the reservoir at between 1 and 5 l4/in gage. The
low sliding friction forces and minimum hysteresis characteristics of the diaphragm
permit the piston to compensate for chames in fluid storage volume without sticking even
though it is operating with such a low pressure differential across it. The nonwettable
permeable barrier in the head end of the reservoir scts as a "phase separator" which
permits entrapped air which has been recovered along with the water from the moisture
collector to escapo from the reservoir. This barrier will not permit the passage of
water If the pressure differential across it is kept below approximately 20 lb/In2 .
Above this pressure differential, the barrier ,will become "•vetted." That is to say, if
the pressure forces across the barrier are greater than surface tension forces between
molecules, the liquid phase will also flow through the barrier. Thus, the use of the phase
separating barrier permits a supply of water to the dispenser outlets which is essentially
free of entraped air.

The Inlet fitting arrangement to the reservoir is such that the incoming air-water mixture
is sprayed across the surface of the semi-permeable membrane at the end of the reservoir.
This assures that the entrapped air is exposed directly to the membrane surface and
thereby hastens the escape of the entrapped air from the reservoir. The water discharge
fitting is located so that water leaves the reservoir at a point approximately 2" away
from the membrane end of the reservoir. The anodized aluminum housing is immune to
corrosion and will not contaminate the water supply. Spare inlet fittings are provided
so that other water recovery sources can be fed into the storage reservoir with a minimum
of rework.

40



5.2.3 Conditioned Air Circulation and Distribution

Two blowers (Figure 14) installed to give parallel flow delivery of the conditioned air
are supplied within the system. The blowers give sufficient mass flow at cabin pressure
levels between 0.5 and 1.0 atmosphere to convey the maximum anticipated cabin sensible
heat load (18000 BTU/hr) from the cabin heat sources to the cabin heat exchanger coils.

The blowers are of the vanaxial type which are packaged with a direct drive motor
mounted within the fan shroud. These integral assemblies are of aircraft construction,
fabricated mainly from aluminum and weigh 10.5 lbs. each. Design characteristics
when the motors are powered from a 28 VDC source are as follows:

H.P. - 0.2
Speed = 5000 RPM
Power Requirement - 240 watts
Design Point Operating Characteristic = 840 CFM delivered at a static
pressure of 1. 0" water gage.

Originally, the blowers were sized so that either of them wan capable of delivering the
required mass flow through the cabin air conditioner coils. The second blower was
Installed merely as a standby in case of failure of the first unit, or if under certain
heat load - cabin pressure combinations, additional mass flow was required through
the heat exchanger coils.

However, during the performance of system check out tests it was determined that the
noise level resulting from a aignle blower operating at 28 VDC was high. As a result
both blowers were energized by wiring them In series across the 28 VDC supply. The
air mass flow delivered by this parallel air flow delivery series electrical arrangement
was adequate (approximately 1000 cfm) amd the noise level was lowered considerably.
A longer motor brush and bearing life cam be expected due to the lower rotational speed
resulting from the 14 VDC potential across each of the motors. Also the total blower
power consumption under these conditions is 200 watts as opposed to a power drain of
240 watts when one blower is operated at 28 VDC.

6. Space Radiators and Heat Sinks

As mentioned previously the fabrication of the COOL system as a package for Integration
aboard the AMRL Evahlator was Implemented to physically prove the flight suitability
co the direct radiation to space concept. The system equipment was delivered for installation
as flight functional hardware with the exception of the high temperature circuit space
radiator.

6.1 Low Temperature Radiator Desoription

The food storage compartment and the humidity control apparatus require an inlet fluid
transport temperature of -10 0 F mad a fluid pumping rate of0U gallons per minut as determined
previously. The design heat rejection capability of this radiator is 1000 BTU/ht (a
37% safety factor) which cam be dissipated to a near earth orbit spatial heat sink of -100 0 F
by a radiator configuration with an area of 29 ft2 . The effective space heat sink temperature
was established as typical value for a near earth orbiting vehicle (See Appendix 1). The
radiator surface (Figures 15 and 16) is a 24-Inch diameter x 30-inoh long hollow cylinder
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of .020 inch 6061-T6 aluminum, a configuration which readily lends itself to installation
within a space heat sink simulator. The radiator tubes are 3/8" OD x9t 035" wall arranged
In a serpentine pattern on the surface of the cylinder on 2-Inch oenterd. Approximately
100 feet of tubing were required to fabricate the two parallel fluid paths with each path
bonded to the outside of 1800 segment of the cylinder. The two parallel flow paths are
necessary to maintain laminar flow conditions within the tubes.

The radiator was fabricated by roll forming its fin surface from a single sheet and then
bonding on the fluid carrying tubes with an aluminam filled epeq. The resulting structure
was sufficiently rugged to withstand normal hlafling dAring use and yet have heat rejection
characteristics which would be comparable to actual hardware as discussed later under the
radiator design considerations section of this report. Its total weight Including heat transfer
fluid 1n 12 ]be.

6.1.1 Radiator Desian Considerations

The radiator configuration was established by the trade off of several criteria.: (1) area
and volume, (2) weight, (3) fabrication and (4) structure. Actually, these are not separate
and distinct items, but are closely Interwoven. The design limitsatons they require are
discussed briefly here. Formulas and calculations re shown in Appendix 3. In some
designs, space limitations could dictate the maximum area, shape and volume in which the
radiator must fit. In this study, no such limitations were made. It had been agreed,
however, to have a tube fin construction with radiation from two surfaces. The total
weight of the radiator is the sum of the weights of fins, tubes and fluid. Since the radiator
was designed for space use, minimum weight was a major criteria. In the final selection
of radiator size, however, minimum weight was compromised to provide for handling
qualities to give a suitable test configuration.

Fabrication Methods Considered

Several configurations were investigated as shown in Figure 17. Figure 17a shows tubes
welded to fins at the junction of tube and fin. For sheet thickness ofG. 020" or less, this
technique would be extremely difficult if not impossible. Figure 17b shows tubes and
fins extruded as one piece, then seam welded to each other at the fin which would probably
permit much easier fabrication, but end connections of tubes would be difficult.

Figures 17 g and 17h show more seam welding techniques. In the former, the tube pattern
is essentially embossed with the top and bottom sheets welded or bonded together. Figures
17c through 17f are designs which can be joined together by epoxy bonding (the method
utilized for COOL~or dip brazing.

Radiator Material

One of the criteria for a radiator material is Its ratio of thermal conductivity to weight.
The higher this ratio, the lighter the construction can be. Table 4 shows the ratio for
several common materials.
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TABLE 4

RATIO OF THERMAL CONDUCTIVITY TO DENSITY OF SEVERAL METALS

Material Conductivity Density 0 k/o
BTU/ /3

hr. ft.°R 1b./__

Aluminun 1100-0 128. 169 0.758
Al Alloy 3003 H -4 91.5 171 0.536
AI Alloy 2024 T -3 70.0 173 0.405
Al Alloy 6061 T -6 89.0 169 0.526
Magnesium (pure) 90.7 110 0.825
Mg Alloy AZ 31B 55.6 110 0.506
Copper 223. 556 0.401
303 Stainless Steel 9.4 500 0.019

Another criterion is the ratio of modulus of elasticity E to density p. This ratio indicates
the resistance to penetration by meteoroids. The higher the ratJo the lighter the (fluid
bearing) tubes. Several metals are compared in Table 5.

TABLE 5

RATIO OF MODULUS OF ELASTICITY TO DENSITY OF SEVERAL METALS

Material Density p Mod. Of Elast. E/P
-Wft3  E lb/in2

Al Alloy 6061 - T 6 169 10 x 106 5.91 x 104

Mig Alloy AZ 31B 110 6.5 x 106  5.90 x 104

Copper 556 17 x 10 6  3.05 x 104

303 Stainless 500 29 x 106 5.80 x 104
Beryllium 115 42.7 x 10 6  37.1 x 104

From Table 4 the lightest fin would be made from pure magnesium which has the highest
ratio. When alloys are considered, aluminum 3003 and 6061 are best.

From Table 5 the lightest tubes would result if beryllium were used; however, beryllium
is very difficult to fabricate, is poisonous and expensive. Aluminum and magnesium
alloys follow beryllium and are about equal in E/p ratio with steel very close behind.
Thus, theoretically, pure magnesium tubes and fins would be desired for the lightest
radiator; however, pure magnesium is not readily workable. One of its alloys, such as
AZ 31B could be used. But a radiator of magnesium alloy will be heavier than one of
aluminum alloy. Since 6061 aluminum is workable and can be welded or brazed, it was
selected as the radiator material.

Radiator Finish

In addition to requirements of stability, durability, and ease of application, the surface
treatment must include the requirements of space use and emissivity. The emissivity of
the radiator surface will greatly affect the required area, as explained in Appendix3.
A satisfactory finish was easily obtained with a particular paint composed as follows:

Pigment: Rutile (T1 02) 45% by volume
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Vehicle: Dow Corning 808 Silicone Resin
Thickness: 3 to 5 mile

This coating applied to aluminum has undergone limited thermal cycling from 2000 *F to

-200OF without degradation of performance.

Meteoroid Protection

The subject of meteoroid protection is one of controversy because it Is based on
probability. The prediction of a meteoroid hitting a vulnerable section of the radiator
Is an extrapolation from measured data of the frequency of meteoroids hitting the earth.
The vulnerable portion of the radiator is the tubing, since a tube puncture would cause
loss of heat transport fluid. A fin puncture would have negligible effect on the radiative
capabilities.

The depth of meteoroid puncture is a function of the meteoroid size and velocity, and
the modulus of elasticity of the protective material. The large meteroids (mass of
1 x 10-7 grams or more) occur so infrequently in space, that their probability of hitting
a small area, such as a radiator tube~is negligible. Protection against the small high-
velocity particles can be most simply provided by using a tube of sufficient wall thickness
which can be determined from the following equation:

d - 0.0436 1 0.3 (6)

where d = wall thickness of aluminum tube, inches
Av = projectea area of tube, ft 2

T - time of mission, years
P = probability of return with no penetration of tube wall in time T,

expressed as a decimal.

The constant 0.0436 takes into consideration the tube material, number of meteoroids
per square foot of Earth's surface, and the estimated mass of the meteoroid. There is
doubt as to the accuracy at the number of meteroids and their specific gravity in space;
however, Equation 6 will give conservative results.

In the feasibility study for FROST (Appendix 1) a multi-walled radiator structure was
discussed. In this coustrution, a protective wall is held at a short distance from the
vulnerable area. The theory is that if a meteoroid hits and pierces the protective wall,
the meteoroid will shatter. The resultng smaller particles would have less kinetic
energy; thus, the tube wall would not have to be as thick as shown by Equation 5.

By adding a second tube circuit, equally capable of handling the fluid and beat transfer,
increased reliability can be obtained. For example, if a single tube circuit is designed
so that the probability of puncture (l-P) is 0. 05, Ihe probability of puncture of two such
tube circuits is the product (0.06) (0.06) - 0.0025 or 99.75% safe. Vulnerable area
will double for two circuits and call for an Increase in d (and weight) of (2)0.3 or 1.23.
But tojFo from (1-P) o*.06 to (I-P) ofA 0025 for one tube circuit would Increase d by
(l-P), /.0) or 2.46 times. Thus, IU very high reliability is desired, it can be obtained
with redundat circuits at less tube weight. The total weight may not be reduced, however,
since twice the fluid would be needed, and valves or controls would have to be added.
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For COOL, a redundant low temperature radiator circuit was not included. Even if the
radiator were to be used in space and punctured, the thermal mass of the food would
enable a safe return of the astronauts. Alsopthe use of dehydrated foods will give a
partial food supply. For a long mission, redundancy or repairability would be desired.

6.2 Low Temperature Heat Sink

The dissipation of the low temperature system heat load from the radiator to a simulated
space heat sink is desirable in order to prove the validity of the design concepts and
configuration. In order to simulate a spatial environment, two characteristics are
required from the heat transfer point of view.

a. A low pressure of 10-2 mm Hg will eliminate the conduction and free convection to
the heat sink wall of the simulator.

b. A heat sink temperature of -100 0F, simulation of a 200-600 mile earth orbit can be
obtained economically by a method using the sublimation of dry ice in a methyl alcohol
solution which surrounds the walls of the space heat sink simulator.

Because of the size of the radiator and the high vacuum environment that must enclose the
radiator, a cylindrical chamber was designed to withstand the atmospheric pressure
load. The chamber (Figures 18 and 19) is built up of a series of concentric annular
cylindrical volumes. The inner cylinder is filled with a dry ice and methyl alcohol
solution. The middle chamber volume contains the radiator, whose pressure is reduced
to 10- 2 mm Hg for test purposes. The outer annular volume is designed to contain a
volume of dry ice and methyl alcohol solution that is equal to the volume within the inner
volume.

Dry ice sublimes at -109 0 F. This temperature is maintained as long as some--dry ice
remains as a solid within the solution. Sublimation rates as expected should not require
addition of dry ice to the chamber more often than once a day.

6.3 High Temperature Radiator

As mentioned before, a high temperature radiator is not to be applied as part of the
COOL hardware; however, the design of a typical radiator configuration is presented
here.

The AMRL evaluator dimensions are 8 ft. outside diameter by 20 ft. long. If the radiator
were so constructed that the fin of the radiator and the outer skin of the cabin were the
same, the maximum available surface for radiator is 503 square feet. For the Liquid
Transport System, the required radiator area is 294 square feet total (the low temperature
system requires 29 square feet and the high temperature system requires 265 square feet)
which is 58.5% of the available 503 square feet if the radiator were made an integral part
of the vehicle's skin as in Figure 20.

Figure 21, a schematic layout, shows three radiator sections in parallel. This would
reduce the radiator vulnerability. For example, if one section were hit by meteoroids,
valves would close, sealing off the section. The remaining units would continue to
operate at a higher load per section until the break could be repaired or the mission
completed. Varying the number of sections would vary the complexity of the system,
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so that a trade-off of safety versus complexity would be required to satisfy particular
nusblon requirements. Also only about one half the radiator surface area can be used to
dissipate the heat load to a spatial heat sink; the other half would be facing the sun and
would require the shut-off valves to separate this area from the remainder of the system.
An alternate system would be the use of a thermal shield mounted between the sun and
the radiator which would shadow the radiator area and also give the main vehicle protection
from meteoroids.

Specific calculations to determine a radiator size adequate to handle the 18,650 BTU/hr
gross high temperature load at temperature levels and fluid flow rates which are compatible
with those required by the heat exchanger are given in Appendix 5.

6.4 Method Used to Simulate the Space Radiator and Its Heat Sink

The evaporator used to duplicate the high temperature system space radiator is of the
dry expansion tube-and-shell type with the liquid transport medium circulated through
the tubes inside the shell. The refrigerant in the shell absorbs heat from the medium.
The tube area, inside the evaporator, required for this system is 45.5 ft2 and is contained
in a shell 6 inches in diameter and 100 inches long (Appendix 6). The commercial
hermetic condensing unit used to duplicate the space heat sink has a nominal 35,000
BTU/hr capacity with a 40°F evaporator suction temperature. A thermostatic expansion
valve is used to control evaporator temperature. The compressor drive motor is rated
at three horsepower and operates on 220 VAC single phase power. Figure 22 shows the
condensing unit and evaporator as it was set up for laboratory evaluation tests.
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SECTION IV

EVALUATION TEST PROGRAM

Following the completion of the program hardware fabrication phase the equipment under-
went performance evaluation tests prior to its being installed In the AMRL space cabin
evaluator at Dayton. All evaluation tests were run under static load conditions only,
since operational check out testing under dynamic loading conditions at the shock, vibration
and acceleration levels specified In the system performance specification would have
required a test program of considerable expense due to the size and complexity of the
COOL equipment. These expenditures were not considered to be warranted because the
system is a prototype and it will never be subjected to flight loading conditions.

1. Test Objectives

The primary overall objective of the program was to prove the feasibility of the liquid
transport-direct radiation to space concept as a workable means for conveying the waste
heat from inside a space vehicle and rejecting it to space. Specifically the test objectives
were:

a. Habitable Atmosphere Control - To ascertain the ability of the equipment to handle
the heat load of the AMRL Evaluator and its capabilities regardiig the effective control
of, relative humidity within specified limits.

b. Food Refrigeration - To ascertain that the freeze and chill food storage compartments
are able to maintain food at 0°F t 50 F and + 320 to + 40°F respectively. Also, to
determine the "pull-down" capability of the chill compartment.

2. Summary of Initial Check Out Test Results

The check out tests were performed in the laboratory with the entire system housed
within a mock-up supporting btructure so that all the various components were located
in proper relation to one another (Figure 23). Several runs were made on succeeding
days in order to establish the stabilization times for the various subsystems, their
maximum heat removal capabilities and operational stabilities.

2.1 Food Refrigeration System

Pull down tests were run to determine the times required to reach specified food storage
temperatures. Tests were made both with and without food stored in the box. Temperature
differences between the food and cooling shelves were determined as well as thermal
gradients throughout each of the compartments. Test results included herein in tabular
and graphical fur m ahow that both compartments are capable of maintaining food temperatures
within specified limits and th.A the chill compartment has adequate heat removal capacity
to meet the "pull-down" requirements. No sweating on any of the box exterior surfaces
occurredduring the tests under ambient conditions of 80°F and 50% R.H. Frost
Accumulations within the compartment did not hamper the removal of food items but a
continuous 14-day test is necessary to determine if long term effects of frost build-up
will impair the functioning of food removal mechanisms.
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Tabulation of Food Refrigeration Test Results

a. Freezer Compartment

Stabilized Shelf Temp: -2°F to +50 F
Food Temp: None
Pull Down Time: Approximately 2 hours

b. Chill Compartment

Shelf Temp: +35°F to +38°F
Food Temp: None (Compartment Air Temp, +32 0 F to +38 0 F)
Pull Down Time: Approximately 30 minutes

c. Low Temperature Heat Transport Circuit Power Consumption

Low Temperature Circulating Pump - 90 watts, 115-VAC, single phase, 60 cps.,
pump operated approximately 80% of the time.

d. Thermal Control Equipment

Temperature Controller - 10 watts, 115-VAC, single phase, 60 cps, continuous.

e. Chill Compartment Solenoid

10 watts, 28-VDC, 60% of the time.

Notes: Refrigerant circulating pump operated approximately 80% of the time. Entire
low temperature heat load was imposed on radiator (e.g., humidity control apparatus,
chilled water reservoir and food storage compartment). Tests were conducted under
80OF and 50% R.H. ambient conditions.

2.2 Habitable Atmosphere Control System

The habitable atmosphere control test results indicate that the system has more than
adequate heat removal capabilities. All components performed as anticipated.1Their
performance is indicated in the summarized tabulation below. No quantative results
were obtained on the moisture freeze-out apparatus (humidity control) during these
tests. Quantitative tests will be performed subsequent to installation within the test
cabin evaluator. Post-installation tests to be performed at Dayton will give more
significant results because operation within a closed system environment will enable
the humidity control device to function independent of the open laboratory environment
which surrounded the system during check-put tests.

Tabulation of Habitable Atmosphere Control Results

a. Maximum Heat Removal Capacity Data

Laboratory Ambient Temp. - 740F
Conditioned Air Flow Delivery Rate - 940 cfm @ 1.0 ATM & 72 0 F
Maximum Cooling Effect - 26,400 BTU/hr
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Heat Exchanger Liquid Side Temp Rise - 80F
Heat Exchanger Air Side Temp. Drop - 26 0 F
Heat Transfer Fluid Pumping Rate - 8.0 gpm @ 40OF fluid temp.
Conditioned Air Discharge Temp. - 480F

Remarks: In order to obtain these maximum cooling effect results, the heat exchanger
coil temperature was allowed to stabilize at its lowest attainable extreme. Air circulating
blowers were connected electrically in series across the 28 VDC power source and
installed to give parallel air flow delivery.

b. High Temperature Circuit Power Consumption

High Temp. Liquid Circulating Pump - 440 watts, 115 VAC, single phase 60 cps,
continuous during maximum load conditions only.
Air Circulating Blowers - 200 watts, 28 VDC, continuous
Temperature Controller - 10 watts, 115 VAC, single phase 60 cps, continuous.

2.3 Water System

Various performance tests were conducted on the water recovery and storage systems to
evaluate their effectiveness, establish capacities and determine leak resistance.
Following are the tabulated test results:

a. Moisture Recovery Pump

Delivery Rate - 0.015 gallon/stroke, programmed to function at a rate of twelve
evenly spaced delivery strokes per hour.

Function - Satisfactory. No measurable leakage, check valve functioned satisfactorily.

b. Water Storage Reservoirs

Main Storage Reservoir

Capacity - 2.5 gal.
leakage - None measurable
Working Pressure - 0 to 5 palg (maintained by a variable spring force acting upon piston
within reservoir)
Pressure Check - checked at 15 palg, semi-permeable membrane did not allow passage
of water. No other measurable leakage.
Relief Valve - opened at 8 paig, fully re-seated at 4.5 pa1g.

Chilld Water Reservoir

Capacity - 0. 374 gallon
Leakage - None measurable
Working Pressure - 0 to 5 palg, maintained at same pressure as main reservoir.
Water Temperature - Average 42 0 F, maintained by thermostatically controlled solenoid
valve which meters low temperature liquid transport fluid through coils on outer wall of
coservoir.
Power Requirements - .10 watts, 28 VDC for solenoid. Full time operation will supply a
maximum of 48 oz. of chilled water per hour. so



Heated Water Storage Reservoir

Capacity -4.375 gallona
Leakage - None measurable
Water Temperature - 168°F
Working Pressure - 0 to 5 paig
Power Requirements - 150-watt cartridge heater. Duration of operating cycling
depends on use frequency. Heater has capability of providing 48 oz. of 170°F water per
hour.
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SECTION V

CONCLUSIONS

1.0 All the phases of this program as reported herein have physically proven the objectives
set forth at the inception of the program and the following conclusions are derived as a result
of this effort:

1.1 All subsystems functioned as Intended and their performance was within the specification
limits.

1.2 The habitable atmosphere control subsystem gives a suitable meas for accomplishing
thermal control within the confines of a space vehicle. The water recovered from the
humidity control devices is acceptable as a potable water source.

1.3 The refrigerator subsystem satisfactorily preserves the refrigerated food require-
ments of a three-man crew for a 14-day mission.

1.4 The recovered water storage system will adequately supply the chilled and heated
water requirements for a three-man crew.

2.0 The following conclusions can be drawm as the result of acceptance tests which were
performed with the entire system installed within the AMRL Evaluator at Dayton.

2.1 The habitable atmosphere control system has sufficient heat removal capacity to
maintain a comfortable environment within the evaluator. Water recovery from the
humidity control devices can be acomplished.

2.2 The refrigeration sub-system functioned satisfactorily an installed within the
evaluator. However, the physical details of the plumbing connections that were routed
between the external radiator-heat sink and the equipment inside the evaluator were such
that the resulting additional heat load imposed y these connections was sufficient to
prevent the freezer from pulling down below 20 F.

The heat sink was located aproximately thirty feet from the evaluator. These loog
lines plus penetration fittings through the evaluator wall which give appreciable conductive
heat transfer from the wall to the cooling fluid resulted In higher than anticipated external
heat loads (line losses). The radiator-heat sink did not have sufficient capacity to remove
this additional heat.

However, the direct r-aition to space concept has been adequately proven by the
evalugtion tests at GE# Philadelphia where line loseas were within the limits that were

used In sizing the radiator.
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APPENDIX I
FOOD REFRIGERATION FOR SPACE VEHICLES FEASIBILITY STUDY

SECTION 1

INTRODUCTION

Background

Man in space will, of course, require food as he does here on earth. Initial flights
of approximately several days will require nothing more substantial than solid food bars
and water or perhaps a mixture of the two. For extended flight periods, man will be sub-
jected to many unfamiliar stresses. Food supplied and prepared in a familiar manner
can reduce these stresses. Thus, it is essential that palatable and highly acceptable food
be provided. While some of this type of food can be provided dry or dehydrated, the
majority will require refrigeration for preservation. Because of the special environ-
mental considerations of space (such as the absence of gravity), as well as the necessity
to minimize weight, volume and power required, conventional refrigeration systems can-
not be considered adequate. Project FROST was undertaken In order to study means
whereby the required refrigeration and related food storage could be provided.

Requirements

Specific requirements which have been established for Project FROST are described.
Two temperature zones are to be provided in the refrigerator. A chill space maintained
at 32 to 400 F., and a frozen food compartment maintained at -20 to 0°F. The food to be
stored in the refrigerator will be of two basic forms. The first of these will be the primary
food, packaged in special containers in order to permit consumption in the absence of
gravity. The second type of food to be considered for refrigerated storage will be buttered
bread, provided in the form of sandwiches (two slices face to face) wrapped in plastic
wrappers. In addition to food, consideration has also recently been given to storing fecal
matter in the refrigerator. This would be packaged material which has been collected
and processed by waste handling equipment and is to be stored at a low temperature in
order to provide a means for preventing deterioration. The range of missions to be con-
sidered for this application vary from a period of one week to three years with a crew
complement varying from one man to 10 men. A very short mission duration of one man
for one week is envisioned as an earth orbiting type of mission. The intermediate range
of missions could be earth-orbiting space laboratory types, lunar missions or near earth
space explorations. The very long mission durations of 20 men for three years are
imagined to be deep space penetrations. It is desired that the feasibility of a food re-
frigeration system for a space vehicle be established which will function in the environ-
ment of space and at the same time minimize weight, volume and power required. The
type of food and method of food packaging are outside the scope of Project FROST.

Approach

As the first step in the search for an adequate refrigeration system for a space
vehicle, a literature survey was conducted. The search was centered about new or novel
refrigeration techniques which might be applicable to use aboard a space vehicle. The
"state of the art" of existing refrigeration techniques was also examined in order to de-
termine applicability. Certain details associated with the specific requirements of this
space application were also studied, in order to determine the exact refrigeration
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requirements applicable over the wide range of mission durations to be considered.
Integration of the refrigeration system with respect to the overall space vehicle was also
considered. Those systems which appear to be best suited for our application were then
examined in greater detail. System comparisons were made, and final recommendations
and conclusions were drawn.
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SECTION II

REVIEW uF AVAILABLE REFRIGERATION TECHNIQUES

A. Basic Concepts

On board a space vehicle, there are basically only two ways of discarding heat.
The first of these would be internal and would consist of the rejection of heat to a cold
source already available on the vehicle, which required the addition of heat. Such a
system could utilize liquid oxygen, or other materials such as fuel for in-flight correc-
tion, stored at low temperatures aboard the vehicle. These materials would require the
addition of heat before they are ready for use by the vehicle. They could, therefore, be
utilized as a heat sink for a refrigerator at the appropriate temperature level, but would
require a carefully balanced system. In addition to the heat balance problem, additional
mechanical problems exist, since the fuel storage and engine spaces would probably not
be in the immediate proximity of the refrigerator. This would mean piping low tempera-
ture material through the vehicle and the refrigerator and back again to the engine, not
a very practical arrangement. The second concept which is available is that of com-
plete removal of the heat to be rejected from the vehicle. This can be accomplished by
two means; either radiation to space, or by material removal, e.g., expendable re-
frigerant systems. Depending on mission requirements, a system involving radiation to
space would appear to be generally most desirable because the concept of material re-
moval involves a launch weight penalty for all the material which is to be eventually dis-
carded. The engineering feasibility study for project FROST has been directed toward
the latter of these two concepts. The restrictive nature of the former was not considered
compatible with the objectives of the FROST program.

B. Techniques Available

The following summarizes the many systems investigated and indicates those con-
sidered in greater detail as most probably applicable to Project FROST.

1. Direct Radiation to Space

A direct radiation system in its simplest form would consist of a radiator
with surface properties such that heat inputs from external sources such as
the earth. sun, reflected sunlight, etc., are exactly equal to the amount of
internally produced heat to be discarded. With fixed inputs to the system and
a fixed output, the system temperature can be maintained at a desired constant
level. Such a system with no active elements is often called a passive radia-
tion system. It is also possible to control the surface properties of the radiator
sufficiently to enable compensation for loading variations over a limited range.
If, however, the range of possible variations is great, such a technique could
not be employed and an actively controlled radiation system is required. This
technique will be considered in greater detail in a following section.

2. Heat Pumping

A heat pumping technique is normally utilized when the heat to be discarded
is at a level lower than that of an available heat sink. An artificial heat sink is
thereby created at the appropriate low level, and the heat is pumped up to a
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level above a readily available heat sink and rejected at this temperature.
Various types of common systems are completely described in any elementary
thermodynamics text. Examples of the common types are the vapor compres-
alon absorptluu, steam ejector, and air cycle systems. Variations of these
heat pumping techniques have been used to produce a refrigeration effect on
earth-bound vehicles and stationary installations for a considerable period of
time. Special purpose types of heat pumps are also available, such as the
vortex tube and various cryogenic techniques such as the demagnetization of
a solid.

A technique which has recently undergone considerable development and
which is attracting a great deal of attention currently, is the thermoelectric
system. However, by using space as a heat sink, a temperature below that of
the heat to be discarded is readily available and it appears inadvisable to
attempt to pump heat in order to reject it. This subject will be explored in
greater detail in a following section. In addition, the systems mentioned are
probably not applicable for space vehicular use in that weight, volume, and
power requirements do not appear compatible. Furthermore, operation in the
absence of gravity would require severe modification to existing types of equip-
ment and as a result, it is possible that efficient performance will be degraded.
Only the thermoelectric system is suitable for space vehicular use in that the
absence of gravity would have no effect on the operation of such a system. This
heat pump system has, therefore, been selected for further study and will be
described in greater detail in a following section. The only other information
of interest which was uncovered by the literature survey was the apparent
potentiality of driving an absorption system by using solar energy. A solar
power absorption system is illustrated in Figure 24. This type of system has
been proposed for earth use in areas where solar energy is readily available.
Problems involved in this type of system are related to the fact that solar
energy must be added to the same container from which heat is later extracted
by the process of condensation. This requires that a mechanical arrangement
be devised for moving this unit from one position external to the refrigerator
to a position internal to the refrigerator, or a rather complicated pumping
system must be used.

If a liquid absorber were used, problems of liquid-vapor separation under
weightlessness conditions would exist. If a solid absorbent were used, liquid-
vapor separation would no longer be a problem, but it would be impossible to
pump the adsorbent from one location to another and the mechanical movement
of the adsorbent would be required. Still another factor which should be con-
sidered is the necessity to reject more heat than was originally required for
refrigeration, because of the addition of external heat (in this case solar energy),
a situation common to all heat pumps. Thus, even this system which appeared
initially of interest, because no external energy other than readily available
solar energy would be required, does not seem suitable because of the complica-
tions described.

3. Expendable Refrigerants

This technique is essentially an open cycle system wherein the medium
used to absorb the beat is discarded along with the heat to be rejected. The
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common forms of this system utilize a change of state of the refrigerant to
absorb the heat and produce the refrigeration effect. In this way, high heats
of vaporization or sublimation are available and the resulting vapor is dis-
carded to space. Re-entry nose cones make use of a form of this principle
to discard hoat upon their re-entry into the earth's atmosphere by the ablation
of a surface coating. A transpiration technique has been considered for the
cooling of high speed aircraft, wherein a fluid is evaporated from the pores
of the surface to be cooled. An obvious limitation to this concept is the re-
quirement to provide at launch all of the refrigerant which will be required.
However, for a short mission duration, a relatively simple expendable re-
frigerant system appears feasible. Therefore, further effort has been devoted
to this particular concept in order to better establish the limits of possible
use.
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SECTION III

DETAIL CONSIDERATIONS

A. Establishment of Refrigerator Physical Size

In order to determine the weight and volume requirements for the food to be stored
on a mission basis, the following food requirements specified by WADD were considered.

Three mix-ounce containers of food will be provided per man for each of three meals
per day. These food containers are to be stored in the freezer compartment.

One bread sandwich consisting of two slices of bread with butter spread between
will be provided per man for each of three meals per day. This bread sandwich is also
to be stored in the freezer.

Two six-ounce juice containers are to be provided per man for each day. These
juice containers are to be stored in the chill compartment.

Two types of containers for these foods are presently being considered. The first
of these is an aluminum container illustrated by F',ure 25. A second type of container
being considered would be all plastic. Bread sandwiches will probably be packaged in a
plastic wrapper in any case. At this point it-is important to stress the need for proper
integration of the food containers and the refrigerator. Thermal properties, physical
size, and the shape of the food containers will be determining factors in the internal de-
sign of the refrigerator. In a minimum volume, minimum weight system, it is necessary
to specifically insure that the container will exactly fit the shelving provided and will have
any necessary appendages required to insure storability within the refrigerator. For
example, a simple notch on the face of the container could be utilized to provide a stop for
the individual containers as they are removed from the refrigerator. However, at this
preliminary stage in the program, information on containers is not completely available.
One container design has been made available and detailed information related to this de-
sign was used in the preliminary estimate of space and volume requirements. Since the
food will be liquid, semi-solid or diced solid material, the density of water has been used
as the approximate average density. On the basis of the quantities previously stated, the
weight consumption per man day is 4.83 pounds. This value consists of using a weight of
0.375 pounds per six ounce container and 0.20 pounds estimated for a bread sandwich.
The added weight estimated for the container is approximately 0.25 pounds based on the
aluminum design referenced, and a small weight of 0.02 pounds has been added for the
plastic wrapper for the bread sandwich. Thus, the total weight to be carried on a per
man day basis would be 7.54 pounds. The volume for the containers and bread sandwiches
has also been estimated again based on the container information available. A container
volume of 16.65 cubic inches has been established. Since it would be necessary to allow
some clearance surrounding the containers in order to provide restraint (shelves or other
means) as well as an avenue for heat transfer, a volume of 20 cubic inches per can has
been used. Thus, on a per man day basis, 180 cubic inches for frozen foods and con-
tainers must be provided. In addition, a volume equivalent to that of three bread sand-
wiches must be provided for In the freezer compartment. Again allowing for some small
clearance, 20 cubic inches per bread sandwich has been estimated resulting in a total of
60 cubic inches per man day for bread sandwiches. The total freezer requirement per
man day is then 240 cubic inches. A chill space requirement results from the need to
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provide for two six-ounce containers of juice per day of 40 cubic inches per man day.
The total volume, therefore, required for all food in the refrigerator is 240 + 40 or 280
cubic Inches per man day. This is equivalent to a value of 0. 162 cub~ic feet per man day
and is a relatively high value as compared to a figure of about 0. i cubic feet per man day
which is estimated for food storage space aboard a submarine. However, this is the

volume penalty which must be paid when the food is individually packaged as must be the
case for consumption in the absence of gravity. Aboard a submarine, bulk packaging is
utilized wherever possible. Table 6 is provided as a summary table of food weight and
internal refrigerator volume required for representative mission durations. From this
table it can be readily seen that the weight and volume requirements for the many man,
long duration missions, are considerable. The refrigerator volume required as a con-
tinuous function of mission duration has been plotted in Figure 26. A 10% excess food
capacity has been allowed in determining both weight and volume requirements. In addi-
tion, the possibility of denser packaging for the very large volumes has been considered.

A 30-day, three-man mission can be examined to illustrate the specific internal
requirements. The total volume of 16 cubic feet would provide for 900 cans and 300 bread
sandwiches stored in the freezer compartment, and 200 cans stored in the chill compart-
ment. In addition, it has recently been requested that consideration be given to the possi-
ble storage of fecal matter in this refrigerator. This would mean about 1/4 to 1/2 pound

of material would be added to the refrigerator for each man per day. Since this material
is 70% water, a density value equivalent to that of water can be used. On the basis of the
maximum value of 1/2 pound per man day and using the desnity of water, a volume of 14
cubic inches per man day would be required. Since this is a very small volume compared
to the space vacated by consumed food on a daily basis (280 cubic inches), a procedure
for storage of this waste material in the vacated volume should be utilized. In fact the

volume of fecal matter to be stored for one man day is less than the volume of a single
container (16.65 cubic inches). Thus, a technique of storing the waste material directly
in the empty food containers should be considered, or if aluminum food containers are
used, it is conceivable that these containers could be collapsed and the volume formerly
occupied by the containers could be used for the storage of the fecal matter. On the other
hand, if the food is stored in flexible plastic containers, the empty container would
certainly allow sufficient volume for the addition of the fecal matter. This subject will

again be considered when the details of the heat load applied to the refrigerator are
studied.

B. Insulation Evaluation

Now that the basic sizes of the refrigeration space required have been established

as a function of mission duration, the next point to be investigated will be the kind of
internal insulation suitable for use in the refrigerator. This subject will form the basis
for a further discussion of the over-all refrigerator heat loads. The insulations avail-
able for use can be divided into two major classes. The first of these is insulation con-
taining entrapped air or other intentionally entrapped gases at essentially atmospheric
pressure. The second category would be vacuum insulations wherein atmospheric air has
been removed. Figure 27 illustrates the kind of thermal conductivity factor available
with present day insulating materials as a function of temperature. From this data it
appears that three specific types of insulation bear further investigation. The first of
these is fibre-glass. Fibre-glass batts can be commercially purchased in densities of
three pounds per cubic foot, and with a coefficient of thermal conductivity, k, of 0. 24
BTU/Hr-Sq. Ft. -°F/In. in the temperature range of our intended use. This material
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Table 6. Food Weight and Volume Required for Representative Missions

FOOD STORAGE REQUIREMENTS

Mission Ref. Size Weight of Total Wt.
(Man Days) Type FT3  food (Ibs) Food and Cont.

(Ibs)

7 1 man - lwk. 1.25 37.2 58.1

90 3 men - tmo. 16 480 746

3650 10 men - 1 yr. 600 19,300 30,300

21,900 20 men - 3 yr. 3400 116,000 182,000
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constitutes no special problems other than a disagreeable handling condition. However,
once installed with a suitable envelope, this material will provide no added difficulty,
and is representative of about the best insulation available in a solid material with no
further requirements. In recent years, emphasis has been placed on foam materials for
insulation applications, particularly for use as refrigerator insulation. Polyurethene
foam, for exampleb filled with freon has a coefficient of thermal conductivity of 0.12
BTU/Hr. -Sq. Ft. - F/In. at a density of two pounds per cubic foot. This low thermal
conductivity is the order of magnitude of the minimum obtainable without the use of
vacuum techniques. However, this type of insulation does suffer to a degree from degra-
dation due to the diffusion of nitrogen from the atmosphere into the insulation. Therefore,
for comparative purposes, a minimum value will not be used, but a value of thermal
conductivity which accounts for a degree of diffusion will be used. As a representative
of the third (vacuum) type of insulation to be considered, G.E. P-O vacuum insulation
has been selected. This is an Insulation which employs vacuum techniques for use at
room temperatures and was especially developed for household refrigerator use. In
addition, this material provides the structural capability of supporting the pressure dif-
ferential imposed by internal vacuum and external atmospheric pressure with minimum
structural support. The density of this material is 20 pounds per cubic foot, and a value
of thermal conductivity of 0.0144 BTU/Hr. -Sq. Ft. - F/In. is a tested and proven value
for this material. As a final comment, vacuum type insulation appears especially suit-
able for this application because of the readily available vacuum condition existing in
space. Thus, the problems sometimes encountered in maintaining vacuum conditions
within the insulation can be alleviated by venting to space subsequent to launch. In order
to evaluate the insulation situation, the factors to be considered are weight, volume and
insulation effect. Obviously, the lowest k value material will result in a lowest heat load
into the refrigerator for the same thickness of material. Or on the other hand, a reduced
thickness of lower k value material could be used to result in the same heat load as that
of a higher k value material. The weight penalty of providing different levels of heat load
into the refrigerator must also be considered. ,Therefore, a relationship has been estab-
lished combining the effects of insulation weight, and ultimate radiator weight required
to discard the heat allowed to leak into the refrigerator. Using some numbers which will
be developed in subsequent sections of this report, a figure for radiator weight which can
be used is one pound per square foot of surface area required. The surface area required
can be described by the heat flow q divided by the radiative capability per unit surface area
q'. A good value for q" for this application, which is also derived in a later section on
radiation capabilities, is 25 BTU/Hr. -Sq. Ft. The heat flow, q, through the insulation
is described by the following expression:

kA ATq - t where k = coefficient of thermal conductivity
A = area (sq. ft.)

AT = temperature differential ( F)
t = thickness (ft.)

then q = BTU/Hr.

For a particular application the area of the external surface of the refrigerator
would be fixed as well as the temperature difference existing. Thus, the effect of varia-
tion of thickness of the insulation, and the thermal coefficient can be evaluated. The 16
cubic ft. refrigerator which results in a surface area of 38. 1 sq. ft. will be examined
in detail. On the subject of the temperature difference to be considered, an extreme low
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temperature for the refrigerator of -20°F has been assumed. It is understood that this
temperature Is not especially desirable for all of the food, since this low temperature
would require additional heat input to the food in order to warm it prior to consumption.
However, in order to examine the refrigeration capability, the lowest refrigerator temp-
erature required is best considered. To maintain a temperature of -200 for the food, an
average refrigerator inner surface tesiperature of about -25" has been estimated. This
means a temperature difference of 95 F. between refrigerator inner surface and the
cabin, assuming a cabin temperature of 70°F. Uf we combine the above values, the radi-
ator weight can be expressed as follows:

Radiator Weight - Radiator Area x Specific Weight where

Ad (Radiator area) - L

or substtutin for q

A kA A T" 1

rad t x q,,

for the particular case under consideration

Bad. Weight- Bad. Area x 1

k (38. 1) (95)
tx25

144.8k
t

The insulation weight is defined by the surface area, A, of the refrigerator multi-
plied by the thickness, t, and the density, p, of the insulation. Thus, for the 16 cubic
ft. refrigerator, we have,

Instil. Weight -Ax t x

t
-38.1xj x t

"-3.17x pxt

"Thus, the total weight, Wt, of the radiator and insulation in equal to the sum or,

144.8Sk + 3.170tWt = t +31P

This welght neglects the weight of aeessory structure and controls which will be
essentially the same for all the systems. These weights will be considered in the design
study. For a particular insulation where k and p have been established, the value of t
which will produce a minimum Wt can be found. Taking the derivative of Wt with respect
tot

D (Wt) 144.8k
2- 4- S.7 and equatng to zero

t2f



2 144.8k F144.8k 1./2
t 3.17 o or the mln. Wt, t= 3 17

For the three materials being considered, this relationship was solved and is pre-
sented in Table 7. Figure 28 illustrates the continuous variation of system weight (Wt)
vs. insulation thickness for these three materials and visually demonstrates the thick-
ness to weight tradeoff available. A further parameter which must be considered is the
vclume occupied by these various materials. For example, it can be readily seen that
the polyurethane foam results in the lowest system weight (21 pounds); however, the re-
quired insulation thickness is 1. 656". The P-zero, on the other hand, has a minimum
system weight of 23 pounds for a corresponding 0. 1814 thickness. Thus, at the cost of
a slight increase in weight, a considerable amount of volume is saved by the use of this
kind of insulation. An additional characteristic which is found in this curve is the rate of
change of system weight with increase in thickness. For example, if a thickness slightly
greater than the minimum value for the P-zero material were used, say a value of 1/4",
the system weight would increase only a small amount to about 24 pounds. This would
have the effect of decreasing the heat flow into the refrigerator. This effect is illus-
trated by Figure 29, a plot of heat flow into the refrigerator vs. the insulation thickness.
Examining this figure, it can be seen that the heat flow is reduced from 287 BTU's per
hour to 209 BTU's per hour by increasing the insulation thickness of the P-zero from the
minimum value to a value of 1/4". This would result in a significant saving in the re-
quired radiator size at the cost of only a small amount of additional weight.

In summary, we find that the polyurethane foam filled with freon results in the low-
est system weight. However, a substantial volume is required and some provision for
pressure differential would have to be made since the ground environment of the space
capsule would probably be one atmosphere, whereas the space environment of this cap-
sule may be in the neighborhood of 1/2 atmosphere. The P-O vacuum material looks
especially promising since the minimum system weight is very nearly as low as the gas
filled foam and the required volume is considerably less. A problem to be expected with
this type of insulation would be the heat flow due to edge leakage since the thickness of the
insulation being considered is small. Special design features may be required in order
to minimize this situation. The P-0 was selected as representative of vacuum insulations,
because the weight penalty required to provide for the pressure difference applied across
the walls of the refrigerator has been accounted for in the high density of the material.
In addition, the k value provided for this particular material has been established for
operation at room temperature. This information is not readily available foi most vacuum
insulations which are normally operated at cryogenic temperatures. At the relatively
higher temperature which is under consideration (room temperature), radiation is a sig-
nificant effect contributing greatly to the thermal conductivity of the material.

The fibreglass insulation would not be a structural problem, but has a relatively
low insulation factor to weight ratio. In addition, the minimum system weight is fairly
high, there is a high heat input into the refrigerator, and the volume occupied is great.
"Thus, it appears that the most suitable insulation would be something like the P-0 vacuum
type insulation. The exact insulation to be used will not be selected at this point, but has
merely been evaluated in order to establish the level of heat load into the refrigerator.
During the design study phase, a more detailed evaluation of the insulation will be made
in order to decide upon the specific form of the insulation to be applied. At this point, it
appears that reasonable value to use for heat leakage through the walls of this particular
refrigerator (16 cubic ft.) would be a value of about 200 BTU's per hour.
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Table 7. Bummary of Performance Data for Primary Insulations Considered

INSULATION EVALUATION SUMMARY TABLE

k Min. Wt. Min. t
Material BTU/hr. -sq. ft. -oF/in 3bs/ft. 3 bs. inhes

Fiberglass batts 0.24 3 36.4 1.912

Freon filled

Polyurethane Foam .0.12 2 21.0 1.656

P-O 0.0144 20 23.0 0.181
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C Overall Refrigerator Heat Loads

In addition to the heat transfer through the walls which has been evaluated In the
previous section, heat will have to be removed from the refrigerator because of the fol-

lowing items: opening of the doors of the refrigerator allowing room temperature air to
enter, conduction through the attaching stiucture of the refrigerator, cooling of the used
containers which will be returned to the refrigerator, and also the capacity is to be pro-
vided to chill some dehydrated juices after they have been reconstituted. Finally, an

added heat load which is to be considered, is the possibility of storing fecal matter in
the refrigerator. Examining in detail the 16 cubic ft. refrigerator, (3-man, 30-day
mission):

1. Heat Transferred Through Walls

The value of 200 BTU's per hour previously determined will be used.

2. Heat Transferred as a Result of Opening Doors

A conservative assumption that 10% of the refrigerator air will be replaced
by air at cabin temperature each hour will be made. This is based on a rough

estimate of one opening per hour. Since the three men may be required to
consume their meals at separate times, at least nine meals or nine openi.-gs
must be considered. Therefore, a conservative allowance for 24 refrigerator
openings, or one per hour has been made. The 20% air change per opening

added to the refrigerator is also conser~tive because the basic design will
insure that this effect is minimized. On the basis of this conservative esti-
mate, the following heat load can be calculated.

Assuming the cabin environment to be air at one atmosphere, the weight, W , to
be cooled per hour corresponding to 10% of 16 cubic ft., or 1.6 cubic ft. , is a

W =pV where p = absolute press. (lb. /sq. ft.)
a RT V = Volume (ft3 )

R = gas constant (air= 53.3)
14.7x 144x 1.6 T = absolute temperature 0R

53.3 x 530

= 0.120 1b./hr.

The relationship which determines the amount of heat to be removed in order to
cool this air and freeze out most of the water contained in it is

q = Wa [(ho -h) + (wO -w.) hub]

where h 0 enthalpy of air supplied0

ha enthalpy of air in the refrigerators

w° lb. of H 20 vapor/#dry air supplied
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w a lb. of H20 vapor/#dry air in the refrigerator

hsub *enthalpy of sublimation (1220 BTU/#)

Assuming the cabin air to be at a temperature of 70PF and the relative humidity to
be a maximum of 60%, then

ho M 28 BTU/lb. and w0 M 0.008 lb./lb. dry air.

The conditions inside the refrigerator are -20OF and 100% R. H. then

h = -6BTU/lb. andw - 0.0004lb./lb. dry air5 5

Thus, the heat to be removed in order to cool the air in

h - h = 28-(-5) = 33BTU/Ib. of airo s

and the heat to be removed in order to freeze out the water vapor is

hsub (wO - w) a 1220 (0.008- 0.0004) - 1220 x 0.0076

= 9.3 BTU/lb. of air

Therefore, the total heat to be removed for this effect is

q = 0.120 (33 + 9. ) - 5.1 BTU/hr.

3. Heat Transferred by Conduction Through the Structural Members

This value will not be calculated in detsl, since the calculation is complex and
is dependent on the refrigerator desegAirelatlvely small value will be assumed
considering the use of thermal insulators, either as structural members them-
selves or separating the structural members from the refrigerator. An approx-
imate value of 10 BTU/hr. has been assigned to this heat path.

4. Removal of Heat from Containers Replaced in the Refrigerators After Use

Q - WC A T - where W/can - 0.25 and C for alum. - 0.22

considering the 33 cans per day used for this mission

Q - (33 x 0. 25) 0. 22 x 90- 163.4 BTU

distributing thip over a 24 hour period the average heat flow rate is

q 1634 6.8 BTU/hr.
= 24

as



5. Provision of the Camoity to Chili Juice Containers

Estimating that two additional six-ounce Juice containers per day consisting of
reconstituted juices will be chilled for each man, it will be necessary to provide
the capability to chill a total of six such containers each day. However, these con-
tainers need only be reduced from room temperature to a chill temperature of 35°F.

Again Q - WC T

for the contents of the containers

W- 6 x 0.375 - 2.25#, AT= 700 - 350 F, and C - 1
Q -2.25 xlx 35 - 78.7 BTU

for the containers themselves (assumed alum. similar to others)

W=0.25x6- 1.50#, AT, -35 0 Fand C, -0.22
Q -1.50 x 0.22 x 35 = 11.5 BTU

Thus, the total heat load per day required for the chilling of these containers
is 90 BTU's. On a very conservative basis, that is, requiring that all six containers
be reduced in temperature in a period of three hours, the average heat load is
approximately 30 BTU's per hour. This conservative value will be used, although
it would not be a constant requirement for the entire 24 hour period. Obviously,
"a considerable lower value would result if the 90 BTU's were equally divided over
"a 24-hour period.

6. Storage of Fecal Matter

The final item to be considered is the possible necessity of storing fecal mat-
ter in the refrigerator. Using the maximum rate of supply of 0.5 lbs. per man per
day, and using the specific heat of water, the principle constituent, the following
heat load results.

Assuming an original temperature slightly higher than room temperature, say

80F, and cooling this to -20°F then T - 100F W - 3 x 0.5 - 1.5 and C - 1.

Again Q - WC AT Q - 1.5 x I x 100 - 150 BTU

This can be distributed over the entire 24-hour period and the average heat
flow rate is:

q-_10 = 6.25 BTU/hr. for a max. value
24

Thus, In summary, all of the heat load elements considered have made a relatively
small contribution to the refrigeration requirement except for the heat leakage through
the walls. The only other substantial value has been the provision for the capability of
chilling items added to the refrigerator.
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The capability to pull down the entire refrigerator to the required low temperature
will be briefly considered. The total weight of food and containers to be carried for a 30-
day, 3-man mission is 746 pounds, excluding internal elements of the refrigerator itself.
With a substantial weight such as this, involved, the refrigerator capacity for lowering
this weight a significant number of degrees would be exceedingly large, much out of pro-
portion to the other requirements described. However, since the refrigerator will be
loaded with cold food (the food could be even colder than usual for initial loading, or the
box itself could be pre-chilled), the thermal inertia of such a massive quantity would be
high. This will be shown in detail in a subsequent section. Thus, initial pull down would
not be required, nor would ground cooling prior to launch be necessary. Should failure
occur in flight, a considerable amount of time would be available for effecting minor
repairs without a serious Increase in the refrigerator temperature. If a serious failure
or damage should occur in flight, it would probably be necessary to abort the mission in
any case, thus, pull down capability will not be considered. The total value for refrig-
erator heat load independent of the requirements for storage of fecal matter is 251.9
BTU's per hour as summarized in Table 8. This will be rounded out to approximately
250 BTU's per hour for a 16 cubic ft. refrigerator, accommodating three men for 30
days. The addition of the requirement for the storage of fecal matter would not make a
significant difference, since the BTU per hour value is small, and in light of the fact
that a significant additional capacity was provided in assigning a value of 30 BTU's per
hour for the capability of chilling the juice containers. Thus, this value of 250 BTU's
per hour can be used as a basis for establishing the relationship between mission dura-
tion and refrigeration requirement. (See Table 9.). This relationship as a continuous
function is shown as Figure 30.

D. Thermal Inertia Considerations

Since a considerable weight of food is to be stored in the refrigerator, the thermal
inertia aspects of the food storage problem should be examined. For a three-man, 30-
day mission approximately 746 pounds, including containers, will be initially stored in
the refrigerator. Of this total weight, 480 pounds is food which will be consumed. How-
ever, the used containers will be returned to the refrigerator thereby insuring a weight
of 266 pounds remaining at the end of the mission. Of course, if the weight of the con-
tainers is significantly reduced, both total and final values of weight will be similarly
reduced. On the other hand, the addition of fecal matter would add weight. However,
using the weights presently available, and neglecting the possible addition of fecal mat-
ter, the following analysis was performed. Failure of the refrigerator was considered
at different times throughout the mission and the corresponding weight of the refrigerator
contents was used. The same magnitude of heat loads as originally required was used,
that is, the 250 BTU's per hour as previously established, except for a correction due to
the increasing temperature within the refrigerator. Both the specific heats of the food
and the containers were considered. The specific heat of the food was estimated to be
equivalent to that of water and the specific beat of the containers was assumed to be that
of aluminum. By using an approximation prooess consisting of first estimating the
temperature drop which could be expected, and correspondingly reducing the heat leak
into the refrigerator, the actual temperature drop could be determined by a reiterative

process.

The results of this analysis are summarised on Table 10. This table illustrates
the effect of the thermal inertia on the temperature of the refrigerator corresponding to
failure or shut down of the refrigeration system during the first day, and on five day
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Table 8. Summary of Heat Loads Estimated for the 16 Ft. 3 Refrigerator
(three-Man Thirty-Day Mission)

HEAT LOAD SUMMARY

Cause Heat Load
BTU/hrs.

1. Tranderred Through Walls 200

2. Result of Opening Doors 5.1

3. Conduction Through Structure 10

4. Cooling Used Containers 6.8

5. Capacity for Chilling Added Juice Containers 30

TOTAL 251.9
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REFRIGERATION REQUIREMENT

Utilizing the information developed for the 16 cu. ft. refrigerator as a basis, the
refrigeration requirement as a function of mission duration and corresponding refriger-
ator size will be established.

250/16 - 15.6 BTU/hr/ft3

For the very large sizes (over 1000 ft?) a requirement of about half of this, 8
BTU/hr/ft3 . will be used. This results from the fact that volume increases at a more
rapid rate than does surface area.

A value of 10 BTU/hr/ft3 will be used for the in-between size (600 ft 3), and a
relatively high value of 25 BTU/hr/ft3 will be used for the very small size (1.25 ft3 ).

Table 9. Relationship Established Between Mission Duration and
Refrigeration Required

TABULATED REQUIREMENTS

Mission Size Sizing Rate Refrig. Req. Mission
Man-Mos. (ft3 ) BTU/hr/ft3  BTU/hr. (Man-Days)

0.25 1.25 25 30 7

3 16 15.6 250 90

120 600 10 6000 3650

720 3400 8 27,200 21,900
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Table 10. Thermal Inertia Situation for a Three-Man-Thirty-Day Mission

THERMAL INERTIA OF SYSTEM

Assuming Ref. Coils at -25°F Initially

Day of Failure First Day Temp at End Days to Days to
or Shut Down T of lst Day Reach 0°F Reach 300F

0 11.3 -13.7°F 2.3 6.1

5 12.8 -12.2 0F 1.9 4.6

10 16.0 - 9.00F 1.6 3.6

15 19.8 - 5.2F 1.3 2.9

20 25.5 + 0.5°F 1.0 2.3

25 36.1 +11.1 0F 0.7 1.7
(17 hrs..)
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intervals subsequent thereto. The temperature drop resulting from the first 24 hours
following shut-down is indicated as well as the final temperature at thi time. The number
of days of non-operation of the refrigerator required for the temperature to reach zero
degrees F, and also 30 F are included in this table. It can be seen that a day or more
of thermal inertia is available. The minimum value is, in fact, 17 hours before the
temperature of the walls will rise from -25 F to 0 0F. In addition, two or more days
are available prior to the temperature of the walls reaching 30 F. The food at a
slightly lower temperatre than the walls is considered to be at the threshold of de-
frosting at this point. Of course, these values would have to be modified If it were
desired that the refrigerator temperature be maintained closed to 0°F. However, in
order to take advantage of the maximum thermal inertia which could be made available,
it appears advisable to maintain the average temperature in the refrigerator at 10 F or
possibly lower. During the design study phase, consideration will be given to an arrange-
ment whereby the temperature of those containers which are about to be used could be at
a slightly higher temperature (nearer the desired value of 0°F) while the overall refrig-
erator temperature is maintained at a lower value.

The thermal inertia characteristic has several other interesting aspects. It can be
seen, for example, that the refrigerator, fully loaded, could remain on the ground with
the vehicle in the launch position for 2.3 days before the temperature in the refrigerator
would reach 00F. Thus, there would be no requirement for ground cooling. If necessary,
the original temperature of the box could be reduced to a value even lower than -20°F in
order to insure a launch temperatore of -10 0 F. Another situation during which the
thermal inertia of the refrigerator would of use would be at a time when the space
vehicle is In close proximity is to a large heavy body such as might be the case of a
lunar observing space vehicle. If it is required to approach the moon at a very low alti-
tude, the thermal radiation effects of the lunar body as well as reflected solar radiation
could create a serious problem for a refrigeration technique employing radiation to space.
However, due to the availability of thermal inertia, the refrigeration system could be shut
down for long periods of time without serious mishap. Finally, the thermal inertia avail-
able could be used to determine the requirement for dry emergency rations. If the three-
man, 30-day mission were a circum-lunar type, it can be seen that after the first 15 days,
less than three days of thermal inertia are available to prevent food spoilage. If it were
desired to provide five days food at all times, even under emergency conditions, then
approximately three days of dry emergency rations could be provided (certain dry foods
will already be stored aboard the vehicle and this may be sufficient).

E. Heat Pumping Considerations

Since the ability to radiate heat is a function of the fourth power of the temperature
of the radiator, it would appear desirable to increase the temperature of the beat to be
discarded. However, not so obvious is the fact that the process of heat pumping itself
adds heat to the original refrigeration requirement. The total heat that must be dis-
carded is then dependent upon the efficiency of the heat pump. In addition, the weight
penalty of the power required must be accounted for, as well as the weight penalty of the
heat pump itself. Thus, in order to evaluate the desirability of pumping heat, a break-
even situation will be examined. That is the point at which the weight of a direct radia-
tion system (without the heat pump) equals a heat pump system radiating to space at a
higher temperature. Initially, black body conditions only will be considered. That is,
the effect of the earth, the sun, and solar reflected radiation will be neglected, and we
will consider the so-called perfect radiator. This is a situation which can be approached
in space and will be better described in a following section of this report.
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The only element to be considered In the direct radiation system is the radiator
itself. The weight of this radiator is determined on the basis of the surface area re-
quired. The surface area required can be expressed in the form

qr

A o 4 where A - surface area (sq. ft.)
ct qr - refrigeration effect (BTU/hr.)

a Stefan - Boltzmann constant

( - emissivity (dimensionless)

T 0 radiator temp. OR
o

4
Since we are considering a perfect radlatory 1 andAo=qa/o T¶. To convert this to
weight, a value for the specific weight of the radiator, w (lbs/sq. ft.), must be applied.
Since a reasonable value for w has been found to be one pound per square foot (see sec-
tion IV-B-3), then the corresp~nding weight of this radiator, Rwo, is wr A or

r o

R -wo T4

0

For the corresponding heat pumping situation, several weight elements are to be
considered. The first of these is the weight of the new radiator. This new r~adiator
must discard both the heat due to the refrigeration effect, q_, and also the additional heat
due to the energy input to the heat pump, W. The ratio of tfiese two values is defined as
the coefficient of performance (COP). Thus, the total heat to be discarded is qr + W,
and since

COP - qr/W

then the total heat to be rejected can be expressed an
1

q+%/cop orCOP

Due to the heat pumping effect, this heat will be rejected at a new temperature Tn (OR).
The radiator area required is then described by

1

An a.r( +T
a T

n

and since a radiator specific weight of one pound per square foot is to be used, this ex-
pression also describes the required radiator weight. Mat in

1

wn q r T 4

n
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The weight penalty for the provision of the input energy, W, necessary to drive the heat
pump must also be determined. Once again expressing W in terms of qr and COP and
dividing by a value of power supply specific weight, Wp (in BTU/Ib.). The weight of
furnishing the power, P wn, can be expressed as

Pwn - qr/COP x wp

The final weight which must be considered is the weight of the heat pump itself, Hwn*
This weight can be described as being a function of the refrigeration effect, q , and will
be qr/wh, where %h is the specific weight of the heat pump in BTU/hr/Ib. Tlierefore,
the weight of the entire heat pumping, HP w, system can be described by the sum of these
three terms.

HP =R + P + Hw wn wn wn

or

q (1 + qr qr
HP = r COP_+ +_

w 4 COPxw wh
n

For break-even, the relationship for Rwo, the weight of the direct radiation system can
be set equal to HPw, the weight of the heat pumping sysitem. This equation will be solved
for COP in terms of Tn (the temperature at which heat is to be discarded using the heat
pump system).

q qr (1+ ) +q qr
S4 aT 4 COP (Wp) w~h

o n

It can be seen that qr appears in all the terms and thus will be divided out of the equation;
that is, the relationship is independent of the refrigeration effect term or

S(1
FOP) 1

S4 4 + COP x w w,
aT aTp

o n

simplifying and solving for COP

1 COP+ 11 1S+ 4-
4 O ~4 COPx w

aT P wOx
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COP COP+ 1 1 COPS+ + -;

T4 T4 Wp wh0 fl

at this point some new constants will be defined and introduced

Rn = a Tn4 (the independent variable)

1

1 = (a constant)

b -I (a constant)w
p

S-I (a constant)
n

thus the equation can be represented by

COP + 1a(COP) = R -' b + c (COP)
n

continuing to simplify and solve for COP

aRn (COP) - COP + 1 + bRn + cR (COP)

COP [Rn(a-c)-I] - bRn + 1

Finally, we have the relationship for COP in terms. of the temperature of the heat to be
discarded for the heat pumping system.

bR + I
COP = n

CO n (a-c) -1

This is the break-even COP. If a heat pump COP greater than its value is attainable at
the new temperature Tn, representing a heat pump AT of Tn-To, then the heat pumping
system weight would be lower than that of the direct radiation system. Figure 31 is a
plot of the break-even COP as a funotion of A T. It can be seen from the figure that
extremely high COP values are required for break-even at mjerat•e AT conditions. As
the AT increases, the COP required for break-even decreases, but is still much higher
than present technology permits, or even that which would appear possible in the
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foreseeable future. In order to demonstrate the cumultative effect of the added factors
requiring successively higher COl's for break-even, three curves have been plottel on
Figure 31, and are oompared to the capability of a thermoelectric heat pump. The
first of these curves neglects the weight addition due to the power required, and also the
weight of the heat pump itself (b = c - 0). The expression for COP for this case is

coop -

The second curve adds in the effect o accounting for the weight of the power required,
but excludes the weight of the pump. In this case c - o, and could represent a very high
specific weight for the heat pump, then

bR +1
-aR n-

n

The third curve accounts for all of the factors and is the entire equation. At this point,
it is Interesting to note that if c is greater than a, the COP is negative, an impossible
situation indicating that there is no real value of COP which will make the weight of the
two systems equal. This is actually the case in the situation being considered, If w, is
sufficiently low. This will be demonstrated by evaluating the constants a, b, and c.

1 since o - 0. 1713 x 10-8

a T4 and using a radiator temporature of
o -20F for the direct radiation system

or

1 1
a-n 0..1713 4 64.2

- 0.01558

Solving for b

For, Wp, a reasonable value which can be found in the literature Is three watts per
pound, or approximately ten BTU's per pound. T'his is slightly optimistic, but is
one which should be attainable in the relatively near future. Therdore9b - 0. 1.

Solving for c

Establishing a value for wh Is a little more difficult. This value can vary anywhere
between 20 BTU's per pound (commercially available Westinghouse WX814 thermo-
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electric units for a 1-watt couple and a AT of 90 0F), and perhaps 400 BTU's per
pound (large vapor compression unit). Thus, c can vary between 1/20 and 1/400
or between a range of 0.05 to 0.0025.

Since a value of c = 0.05 is greater than a = 0.01558 from above, a break-even
COP does not exist. The curves provided have been plotted in terms of the coef-
ficient of performance because this is the usual manner of describing the perform-
ance of refrigeration devices, and the current state of the art of existing refrigera-
tion techniques can be readily found in terms of this coefficient.

One final situation will be considered, and that is the special case where the radiator
capability is reduced because of earth effects or other external heat inputs. Let us ex-
amine the case where the radiator capsbiliV is reduced to 25 BTU's per sq. ft., for a
radiator temperature of approximately -25 F. For this case a more realistic value of
c= 0.9 will be used rather than unity as for a perfect radiator. The following conditions
will also be established:(0A refrigerator temperature of 440°R which will require a sink
temperature of at least 4300 R. For the sake of comparison this will be considered the
temperature of the radiator for the direct radiation system, and also the cold tempera-
ture for the heat pumptL)Considering a AT of 1000 F. for the heat pump, the hot side
temperature would be 530 0 R anda corresponding radiator temperature of 520 0 R can be
used. Thus, T = 430°Randc7E.V'=o 52.7 BTU/hr/sq. ft4IDSince we are considering the
net radiative heat flow per square foot of area to be 25 BTU/hr., then 27.7 BTU/hr.
must result from the external inputs,

4a
andR =aeT _input flux where T =520°Rn n n

= 112.7 - 27.7 = 85.0 BTU/hr/sq. ft.

1
also a= 1 = 0. (4 A value of b = 0. 1 will be used as before.

For W an optimistic value of 100 BTU/Ib. will be used or c = 0.01. Thus, to solve
for thehbreak-even COP

COP = 1n (0. 1 x85) -
C 1P (a-c)- 1 85 (0.04-0.01)-1

n

9.5
- 1-.5 = 6.3

Thus, it can be seen that the required coefficient of performance would have to be
6.3 for break-even, which is an extremely high value for the conditions established. It
is possible for a large unit, that is, one capable of a very large refrigeration effect,
that Wh might be higher than the value used, but the combination of a large AT, high W h
and high COP required is not yet possible. This would be an area for possible future h
development. However, a further consideration must be that of operation under zero G
conditions, that is to say these high coefficient of performance requirements must be
matntained in the absence of gravity. If a heat pump is ever to be developed for use in
the type of situation being analyzed, the following requirements would have to be satisfied;
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adequate functioning in the absence of gravity, a high AT capability must exist combined
with high Wh and a high COP, and the power to operate such a unit must be provided with
ahigh W.p

Thus, in summary, It can be seen that existing equipment or equipment which can
be imagined will exist in the foreseeable future, cannot be expected to have the efficiency
of operation required to Justify pumping and the beat to be discarded to a higher temp-
erature.
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SECTION IV

TECHNIQUES CONSIDERED BEST SUITED FOR SPACE VEHICLE APPUCATION

As a result of the literature survey and preliminary analysis of the systems avail-
able, the following techniques appeared to offer the best possibilities and have, therefore,
been examined In detail.

A. Expendable Refrigerant

The concept of an expendable refrigerant appeared to be most attractive for short
mission durations. Utilizing such a system, a radiator and a heat transport fluid would
not be required. The only unique elements necessary would be adequate storage space
for the quantity of refrigerant required and an evaporation chamber of some sort. Since
the near zero pressure of space is readily available, a system using a low pressure can
be considered. The schematic diagram for such a system is illustrated as Figure 32.
Optimum design requires that the average temperature of the heat exchanger be very
nearly that of the temperature of the refrigerator and it is desirable that only a small
temperature gradient exist across the heat exchanger. A refrigerant which would change
state at the required temperature was considered desirable. A number of possible re-
frigerants were examined and a careful study of the literature was made. Metallic solids
at extremely low pressures could possibly be utilized since they have extremely high heats
of vaporization or sublimation. However, their rate of sublimation would be extremely
slow, and it appeared that the problem of providing sufficient surface area of the refrig-
erant in order to remove the desired heat at the proper rate would be severe. Among
the liquid refrigerants, water, as usual, had the best heat of vaporization. However,
water is solid at -200F at ordinary pressures. This is no problem and, in fact, is of
some benefit, since at an appropriately low pressure the ice will sublimate and convert
directly to water vapor with an energy input equal to the heat of sublimation. This could
then be used to produce the required refrigeration effect. The phase diagram for water
at low pressures Is illustrated as Figure 33. From this figure, it can be seen that a
temperature of -30 F can be produced with a pressure of 0.0035 pounds per square inch
or a temperature of -10 F can be produced with a pressure of 0.011 pounds per square
inch. Temperatures slightly lower than that required for the food have been considered
in order to permit some thermal gradient within the refrigerator. Thus, if a chamber
containing ice were maintained at the pressure levels prescribed, heat could be removed
and the corresponding temperatures would be maintained. The only added element neces-
sary for such a system would be a pressure relief valve which maintains the pressure
within these limits which are somewhat above the essentially zero pressure available in
space. A rudimentary laboratory model of such a system was assembled and tested. A
descriptive diagram of the ice sublimation system tested is illustrated in Figure 34. Ice
cubes were used during this testing rather than a solid block of ice, because it was found
that more uniform sublimation occurred and the theAal gradient across the ice was re-
duced. That is the heat input could be distributed to a larger surface area of the ice in-
suring uniform sublimation, rather than concentrated action at the edges of the ice adja-
cent to the heat input plate.

The elements of the system will be described. The ice cubes were held against the
sublimation plate by spring pressure. A heat input simulating the refrigerator loading
was added to the sublimation plate by the use of a heater attached to it. The heating ele-
ment was surrounded by insulation in order to assure that essentially all of the heat
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produced by the heater would be transmitted to the sublimation plate. The simulated sub-
limation chamber contained an orifice which was intended to produce a pressure difference
between the sublimation chamber and the surrounding bell jar. In this way, a low vacuum
pressure could be produced in this bell jar, simulating space conditions, arid slightly
higher pressure would then exist inside the sublimation chamber. By controlling the pres-
sure in the bell jar, the pressure within the sublimation chamber was maintained near
the desired value, thereby insuring control of the temperature of the sublimation plate.
A alight difficulty was encountered in maintaining the exact pressure desired in the bell
jar, therefore, slightly lower sublimation chamber pressures were achieved than that
intended. Therefore, correspondingly lower plate temperatures were realized. A photo-
graph of the test set-up is included as Figure 35. Summarizing data of the test conducted
is shown in Table 11. This fundamental arrangement demonstrated the ability to add heat
to the system which was absorbed by the conversion of the ice to water vapor, and which
in turn was discarded to the simulated space of the bell jar and vacuum pump. The arrange-
ment shown was capable of holding the plate temperature below -20 F with a heat input of
five watts (17 BTU/hr.) for several hours with only a relatively small reduction in the
size of the ice cubes. A close-up photograph of the ice cubes following this test is pro-
vided as Figure 36. Thus, it appears highly feasible that an ice sublimation system is
suitable provided that the quantity of ice which must be initially furnished is not excessive.
It is interesting to note that this return to an ice box type of food storage facility rep-
resents a considerable modernization over that available in the old home ice box of a
generation ago. For this space age system a refrigeration capability of 1220 BTU's per
pound of ice (the heat of sublimation) is available rather than the relatively low heat of
fusion (144 BTU/lb.) originally available in the old ice box. An obvious limitation of such
a system is one in which large quantities of ice would have to be provided at launch. It
is, however, conceivable that a system such as this could be used on a continuous supply
basis. That is to say, water could be added to the sublimation chamber which would
freeze, thereby providing additional ice, or the sublimation chamber could conceivably
be recharged with ice that was frozen in the refrigerator, assuming that the water balance
for the vehicle is such that surplus water is available.

Finally, the system is simple and appears to be quite reliable and would be satis-
factory for relatively short mission durations. For mission durations of 20 man days or
less, an ice sublimation refrigeration system should certainly be considered. It would
also appear desirable to investigate the potentiality of a continuous supply system for
extending the range of suitability of this concept.

B. Direct Radiation

1. Space as a Heat Sink

With space available as the ultimate heat sink, a thorough investigation of the
ability to discard heat was required. It was necessary to determine the range of
temperatures which could be maintained on a radiator surface for all situations.
For example, a radiator surface in deep space shielded from the sun by the vehicle
would effectively have no external heat input whatsoever and would very closely
approximate a perfect radiator. On the other hand, a radiator surface on a vehicle
orbiting the earth would be required to account for earth radiation, solar and re-
flected solar radiation, vehicle effects, etc., all of which would reduce the radi-
ative capability. Furthermore, varying orientations of the radiator would produce
varying effects. Thus, a very generalized parametric study of the radiator in space

107



0 w
LL. Cr
0 M
W

EL
M

z
w

CL

w

0
x
CL



C')

109



Table 11. Test Data for Ice Sublimation System

Test: Ice Sublimation System

Date 7-19-60 Performed by: R.G. Roos

Approved by: S. Halpert

laboratory Conditions - Temp 730 F, Pressure 760.66mm Hg.

Data

Temern ature °C Pressure-Microns Heater Power
Time Ice Sub. Plate Bell Jar Sub. Chamber Applied-Volts Remarks

1000 - 3.5 - 3.5 Atm. Atm. 0
05 -31 -29 230 400 0
10 -36 -35.5 250 155 0
15 -38 -37.5 118 181 0
25 -38.5 -37 106 181 3.75 Heat On
30 -39 -37 95 165
35 -39 -37 96 168
45 -39 -37 95 165

1100 -39 -37 98 158
115 -39 -37 98 160
30 -38 -36.2 100 162
45 -38 -36 101 165

1215 -38 -36 86 132 3.75
Vacuum Pump Overheating, Shut-down required

1330 -27 -20 115 210 3.75 *See explanation
40 -36.5 -28 98 162

50 -38 -28.5 93 152
1400 -38 -28.5 90 150

30 -38 -28 89 145
1510 -38 -26 90 150
1535 -37.5 -23.5 120 162
1600 -34.5 -22 172 210 3.75

*Note: The ice cubes apparently separated from the plate as a result of pump shut-
down and imperfect thermal contact resulted when the test was continued, thus the
greater temperature difference between the ice and plate for the second half of the test.
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was undertaken. Three basic radiation configurations were considered. The !Arnt

of these was a flat plate radiator having one face adiabatically shielded. This con-
figuration is representative of a portion of the surface area of the vehicle itself
used as a radiator. The second radiator configuration considered was that of a flat
plate with both surfaces free to accept and reject heat. This arrangement was
representative of a fin-type radiator, but omitted the effect of the vehicle. The
third configuration considered was again a fin-type radiator in the presence of a
simulated vehicle. These configurations are illustrated as Figure 37. In order to
establish the extremes of possible temperature variation of these radiator con-
figurations, a simplified scheme of positionally fixed earth and sun, and a rotating
radiator was analyzed for steady state conditions. For each of the radiator con-
figurations, various conditions of exposure were studied, such as exposure to earth
alone, to sun alone, and to various combinations of sun and earth. The most sig-
nificant range of altitudes representative of earth orbits was assumed to be 200 to
600 miles. Since altitudes above 600 miles would be within the Van Allen radiation
belt, it is assumed that orbiting manned vehicles would not be desired above this

altitude. Extreme altitude orbits outside of the Van Allen belt would not be of
interest since these would not represent as severe a condition as a vehicle in close
proximity to the earth. That is, the earth's effect on the radiator would be greatly
diminished. One other variable was applied as part of this study and that is the
ratio of fin size to simulated vehicle size. These variations are illustrated as
Figure 38.

As a result of this study, numerous curves were established describing the
radiator temperature as a function of position. The temperature which was de-
termined was a steady state value for each positional increment. While this is not
entirely accurate in that transient and thermal inertia effects would tend to trans-
late the curve with respect to angular position and diminish the extremes indicated.
These effects are not assumed to be very large since at the lowest altitude con-

sidered (200 miles), orbit time is approximately one and a half hours and also the
mass of the radiator would not be very great. Later in this section, it will be
demonstrated that a value of approximately one pound per square foot of surface
area can be assumed. A representative curve resulting from this study is shown
as Figure 39. As would be expected, the temperature of the radiator is greatest
for the particular case when the flat plate radiator surface is perpendicular to the

sun's rays. As the radiator continues to rotate, the temperature falls off until the
radiator surface is parallel to the sun's rays. At this point, the temperature would
remain constant throughout the next 180 of rotation, since the earth's effect is
constant. When the radiator again passes the point where it is parallel to the sun's
rays the temperature would rise until the surface is once again perpendicular to
the solar flux. Appendix VII contains the details of this study.

At this point, it becomes necessary to clarify the value of a/ f which has been

used for this study. The a/ c ratio, or the ratio of absorbtivity of high frequency
solar energy to emissivity of low frequency earth level radiation, contributes
greatly to the radiator temperature andJthereforeIcorrespondingly to the refrig-

erative capability of such a radiator.

A low a/( value indicates the ability to radiate much more low level energy

than is absorbed from a high level energy source such as the sun. This can be
better understood by examining the relationship for the ability of a perfect radiator
to discard heat, which has been used previously in this report.
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q = at AT4

For a perfect radiator the value of C would be unity. For materials which
would be available for our use in this kind of application a value for c = 0. 9 could
be expected. Thus, for a radiator at a particular temperature this relationship
describes the total heat which could be discarded as a function of the surface area
available. If, however, external inputs exist such as solar radiation, earth's radia-
tion, or solar radiation reflected from the surface of the earth, these fluxes sub-
tract from the radiator's ability to discard heat. A complete heat balance equa-
tion must be established for this condition. The solar flux input would be the major
element to be accounted for, and the amount of this flux which would be accepted
by the radiator is a function of the absorptivity a. Thus, with a as small a number
as possible and as large a number as possible the net effect of solar flux is dimin-
ished. Values of a very low a/ C have been found to exist under laboratory condi-
tions. White paint for example has an a./( of approximately 0. 15, however, the
question arises as to the repeatability and life expectancy of such a low value.
That is, can such a low value be consistantly expected, and more important, for
how long a period of time could such a low value be maintained as a result of ex-
posure to the space environment. It is known that micrometeorite bombardment,
nuclear radiation, and high temperatures resulting from launch conditions or initial
passage through the earth's atmosphere, could have deteriorating effects upon a
low a/ e ratio. Itthereforegappeared that the best all around value which could be
expected to be consistently obtained and readily maintained was a value of 0.4, and
the effect of a variation of this ratio was included as a part of the study.

The result of this study was a better understanding of the heat sink available,
both in the vicinity of earth, and in outer space as well. In addition, any orbital
situation can be constructed using these curves. Two orbital extremes are illus-
trated by Figure 40, as well as the effect of the earth's rotation about the sun. The
temperature variation of a fin-type radiator attached to such a vehicle is illustrated
by Figure 41. It can be seen that a particular polar orbit, shown as the original
position, will initially provide temperatures significantly below the required heat
sink for the refrigerator of 430 R. However, after-three months time, this par-
ticular orbit will result in a position wherein one radiator surface is held perpen-
dicular to the sun's rays at all times. For the equatorial orbit, the radiator will
pass through various positions with respect to the sun's rays for each orbital pass.
This motion will result in relatively high temperatures when the radiator is facing
the sun, and low temperatures when the radiator and vehicle are shielded from the
sun by the earth. This type of orbit is relatively unaffected by the earth's rotation
about the sun. It can be seen by these characteristics that it would be undesirable
to allow the radiator surface to face the sun, that is, the best heat sink character-
istics are available when only tht, edge of the radiator is presented to the sun. Even
if a lower value of a/ ( were used, such as a value of 0.2, a considerable amount
of radiative capability would be lost as a result of permitting the radiator to face
the sun during part of the orbit. A relatively simple solution to the problem would
be to maintain a constant condition wherein the edge of the radiator faced both sun
and earth at all times. Similarly it would be undesirable to place the radiator
parallel to the surface of the earth, since the resulting temperature would be
excessive.
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Of course, the need to have the edge of the radiator presented to the earth
would only be meaningful for an earth orbiting vehicle. The vehicle out in space
would be concerned with only maintaining an edge facing the sun. Figure 42 illus-
trates the effect of control of either the vehicle or the radiator in relation to the
orbits previously discussed.

The question of whether the vehicle or the radiator should be oriented merits
some discussion at this point. The moving radiator presents several severe diffi-
culties. Maintaining a good thermal path between two parts moving relative to one
another can be a rather nasty problem. That is, the problem of transferring the
heat to be rejected out to the radiator becomes complicated by the requirement that
the radiator be free to rotate. In addition, moving parts tend to fuze at very low
pressures and difficulties are being encountered by other space programs requiring
the provision of rotating members. An alternate arrangement of several radiators
distributed around the vehicle could be considered. A heat transport fluid pumped to
the radiator at the proper temperature would be necessary together with appropriate
sensing and valving equipment. This concept appears to add unnecessary complica-
tion, and for this system as well as that of the moving radiator, the added weight of
the auxiliary equipment must be accounted for on a system comparison basis.

On the other hand, a fixed radiator and an established vehicle orientation is not
difficult to conceive of, since solar energy is .the primary source of power presently
being considered. Sun orientation of some element of the vehicle, such as solar
cells or a solar collectorwwill have already been established. Even for a nuclear
power plant, it would be probable that the radiator used to discard the waste heat
would be sun oriented. As an example of how our radiator could be located aboard

a sun oriented vehicle, we can examine a simple earth orbiting vehicle which is
also controlled with respect to the earth. T'in. is illustrated in Figure 43A. For
this figurestwo axis control, the XX and YY axes, is necessary in order to maintain
a vehicle face towards the earth at all times. If this vehicle were to have solar
paddles attached, as illustrated in Figure 43B, it would be necessary to establish
control of the third axis, the ZZ axis, in order to insure that the plane of the solar
paddles was perpendicular to that of the sun's rays at all times. For this particular
case it is also necessary to have control of the rotational position of the paddle it-
self since establishment of a fixed position of the XX plane is insufficient to insure
maximum surface area facing the sun's rays at all times. This additional control,
however, is not necessary for the radiator as can be seen in the illustration. Merely
placing the radiator in the Z-Y plane is sgfficient to insure that an edge will be
facing the sun regardless of the 'stm's position. Thus, the vehicle can freely rotate
about the earth with the Z axis maintained as an extension of an earth radii, and
controlled in order to maintain the Z-Y plane parallel to the sun's rays. For this
concept, only one radiator is necessary, and no auxiliary control equipment penalty
can be charged against the refrigeration system.

. Next the capability of such a radiator to discard heat can be established under
several different conditions. The first condition to be investigated is the radiative
capability in the vicinity of the earth. The extreme temperature distribution char-
acteristic of the polar orbit condition of Figure 41 will be used assuming controlled
orientation. From this figure, the average radiator temgerature resulting from
external thermal inputs only can be determined to be 355 R. This temperature
could be raised to a value between 4000 R and 430 0 R, in order to permit dissipation
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of an internal thermal load (the refrigeration effect). By using the relationships
developed in Appendix VII for the fin and vehicle arrangement under the conditions
established, and permitting a radiator temperature of 4000 R, It can be determined
that 17.4 BTU/hr. of internally produced heat can be discarded per square foot of
radiator surface area. If the thermal interface problems between the radiator and
refrigerator are found to be not quite as severe, and a radiator temperature closer
to that of the required refrigeration temperature can be utilized, the radiator capa-
bility would be increased correspondingly. For example, a radiator temperature
of 430OR would provide the capability of radiating 32.75 BTU/aq. ft. of surface
area.

if a different vehicle situation is considered, that of a vehicle distant from the
effects of the earth, and again either shielded from or parallel to the sun's rays,
the only factor which would affect the radiative capability would be the vehicle ef-
fects. Under such a situation, and with a radiator temperature at 4000 R, It can be
found that the radiative capability is 37.3 BTU/hr. per square foot of surface area.
If the vehicle effect is neglected, a value of 39.5 BTU/hr. per square foot results.

A final value which can be presented for the sake of comparison, is the max-
imum radiative capability of a radiator in apace at the corresponding temperature
(a perfect radiator). The value for such a radiator at 400eR is 43.8 BTU/hr. per
square foot. Figure 44 is a plot of radiative capability as a function of radiator
temperature for a perfect radiation. A table summarizing the radiator capability
under the various situations described is presented as Table 12, for radiator temp-
eratures of 400°R and 430°R. Since the radiative capability varies from 17.4 BTU/hr.
at 400°R in the vicinity of the earth, to a value of higher than 50 BTU/hr. in space
at a temperature of 430 0 R, a value on the conservative side of approximately 25
BTU/hr. will be selected for general use as radiative capability. This value is
representative of the worst situation, that is,earth orbit, at a temperature relatively
close to that of the refrigerator. It is doubtful that a low radiator temperature of
400°R would be required. At this point, it can be seen that a universal refrigera-
tion system, or rather a universal radiator design, would be undesirable. If the
radiator were designed for a lower value such as occurs in a situation of earth
orbit, this would be an inefficient arrangement for use in a vehicle primarily In-
tended for interplanetary or distant space use.

One other situation will be briefly discussed, and that is the radiative capability
of a vehicle orbiting the moon. The moon's temperature extremes have been est-
imated at 213 F on the hot side and -224 0 F, on the cold side, resulting in an average
temperature of -15 0F, a value lower than that of the earth. In addition, the albedo
factor is estimated at 0. 125, again a value considerably lower than that of the earth.
Since the moon is a body smaller than that of the earth, the only condition under
which the moon's effect would be more severe than that of the earth's, would be a
situation where the vehicle were to operate at a low altitude, or were to hover over
the hot side for a considerable period of time. Even for these situations, the system
could be shut down, and the thermal inertia of the refrigeration system, as described
in a previous section, would be sufficient to insure that the temperature of the re-
frigerator did not increase severely for reasonable exposure periods.

So it can be seen, that for a mission such as a circum-lunar mission, various
conditions will be encountered, i.e., the effect of the earth while in close proximity
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Table 12. Space Radiator, Heat Rejection Capability under Various Conditions

DIRECT RADIATION HEAT REJECTION CAPABILITY

on the basis of a square foot of radiator surface

Bad. Temp. Bad. Situation Max. Bad. Per. Rad.
Earth Orbit Space in Space (Ea6 E= 1.0

400°R 17.4 37.3* 39.5 43.8

430DR 32.75 51.0* 52.8 58.6

*includes vehicle effect
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to the earth, space conditions while between the earth and the moon, and conditions
in the vicinity of the moon during that period of the trip. It has been demonstrated,
however, that a direct radiation system would be entirely suitable for such a mis-
sion, and the only detailed problems involved would be a closer examination of the
exact radiative capability to be used for design purposes.

2. Refrigerator Control

As a result of previous discussions, it can be seen that varying factors will
exist for the space radiator. Surface characteristics of the radiator may change.
The heat input of the refrigerator will probably vary. External effects upon the
radiator will also vary. It.thereforedoes not appear feasible for a strictly passive
radiation system, Figure 45, to be utilized by vehicles in the near future, and it is
similarly apparent that some sort of a control system would be required. The
simplest form of such a control system is illustrated by Figure 46, and Is merely
a means of providing a thermal link between the refrigerator and the radiator. With
the pump inactive, the heat transport fluid does not circulate between the refrig-
erator and radiator and only a very small quantity of heat is transferred by con-
duction through the heat transport fluid to the radiator. The refrigerator tempera-
ture will increase until a predetermined value is reached and the thermostat will then
actuate the pump and circulate the heat transport fluid. This then actively trans-
ports the heat from the refrigerator to the radiator where it can be rejected to
space. A heat transport fluid which remains liquid at a rather low temperature is
desired. Freon 21, which is liquid between the temperatures of 480F and -197°F
at atmospheric pressureappears best suited. By raising the pressure slightly, an
increase of boiling temperature can be readily achieved. The presence of the ve-
hicle, as an external effect, and some small heat flow through the insulation used
to separate the radiator from the vehicle will assure that the radiator temperature
never drops below the freezing point of the heat transport fluid.

Thus, such a system appears to be highly desirable and can be accomplished
with very little additional weight penalty to the system. For example, in the case
of the 16 cubic foot refrigerator previously considered, with a heat load of 250 BTU
per hour to be removed from the refrigerator, only nine gallons per hour would have
to be circulated through the heat transport system, if a fluid such as Freon 21 were
used. This would require only a very small pump and very low power.

3. Radiator Design and Specific Weight Determination

In order to formulate a concept for the specific design of the radiator, numerous
references were consulted. A large body of material exists concerning optimum
radiator design, and such problems as meteorite bombardment and minimization of
weight are considered. Two representative designs of fin type construction are
illustrated as Figures 47a and 47b. In the case of Figure 47a, a sufficiently thick
skin has been considered in order to insure adequate protection against meteorite
penetration. The design concept for Figure 47b, is the utilization of meteorite
barriers which provide a minimum weight design. The details of the weight est-
imate made for both designs follow:
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Thick Skin Design (See Fiure 47a)

As a result of reviewing various papers, it appears that a radiator skin thick-
ness. (considering aluminum), of 0. 125 inch Is required to Insure an adequately
low probability of meteorite penetration for a five sq. ft. radiator surface. This
is the size which would be required for the three-man, 30-day mission using the
values previously established of;

g50 BTU/hr = 10 sq. ft., or for a fin type radiator,
25 BTU/hr/sq. ft.

the surface area of each side would be five sq. ft. (a thicker wall would be required
for larger radiators and longer mission durations).

Using a wall thickness of 0. 125 inch as the maximum necessary in the vicinity
of the tubes, an average wall thickness of 2/3 x 0. 125 = 0. 0835can be established.
Using a density for aluminum of 0.1 lb/cu. in. and accounting for both walls;

wall weight (I sq. ft. of rad. )=0. 0835 x 2 x 144 x 0. 1 - 2.40 Ib/sq. ft. The
weight of aluminum tubes is;

ir x thickness x dia. x length x no. of tubes/in. x 12 x density. Assuming a
tube diameter of 0.06 inch and a wall thickness of 0.01 inch;

wt. of tubes =3.14 xO.Ol xO.06x 12 x-16 x l2 x O. l = 0. 141b/sq. ft. The
weight of the liquid in the tubes (assuming speaific gravity of water), is

Cross section area of tube x length x no. of tubes/in. x density.
16

Wt. of liquid = 0.003 x 12 x A x 12 x 0. 0361 = 0. 088. Thus the total weight
is 2.40

0.14
0.08
2.62 lb/sq. ft. for the entire radiator of considering both sides a value of 1.31

lb/sq. ft. of radiator surface area can be used.

Radiation Barrier Design (See Fimure 47b)

For this concept, seven sheets of 0. 003 stainless steel would be required,
thus the volume of these sheets (considering one sq. ft.) would be;

4 x 0.003 x 12 x 12-1.73
3 x 0.003 x 24 x 12 - 2.559

4.32 cu. in.

Using a value of 0. 293 Ib/cu. in. for density, the weight - 4.32 x 0.293 - 1.27
lb/sq. ft. If a nominal amount is added for liquid, say 0.25 Ib/sq. ft. ibe total
weight is about 1. 50 lb/sq. ft. for the entire radiator or a value of 0.75 lb/sq. ft.
of surface area can be used.
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Thus, an intermediate value of one pound per square foot is a representative
value to use as a specific weight of a radiator surface. This is also a value comr-
monly used by numerous authors. In addition, this value appears to be a reasonable
one to use for a radiator which would consist of the external wall of the vehicle,
since it will be necessary to add to this wall, tubing to carry the heat transport fluid.
It might be possible to achieve a radiator weight saving by such an arrangement,
but obviously twice as much surface area would be required, since only one side

of this radiator is exposed to space.

4. Applications

As a result of the general discussions previously presented, it can be seen that
a system of direct radiation, modified to the extent that some control is maintained,
appears suitable and•in fact~desirable for use aboard space vehicles. This system
appears to be the best all around system available, and would be limited only by
the maximum size of the radiator which could be utilized. This system would re-
quire a smaller radiator than that of any other system, since all systems with the
exception of the expendable refrigerant will require a radiator. The radiator limi-
tations imposed upon this system are imposed upon all systems. For futuristic
applications, several other concepts are available which could be incorporated into
a direct radiation system. For very long missions such as deep-space probes, it
is conceivable that it would not be necessary to limit the temperature requirements
of the food as stringently as those provided. That is to say, it is possible that the
only requirement which would be imposed, would be that of maintaining a tempera-
ture below 0 F, and the lower temperature limit would not exist. In this case, active
control is not as critical as previously described, and the food could be placed in
a container which was oriented perhaps on the shady side of a vehicle and insulated
from it such that the temperature of the compartment was reduced to perhaps -2000F.
This compartment would represent a long-term storage compartment, and period-
ically food would be removed from this area and stored in a local galley refrigerator
at higher temperatures, such as those considered for this report. It would not be
necessary to add as much heat to food in the vicinity of 0 F as it would to heat food

stored at the very low temperature. Thus, a three-zoned arrangement (chill,
freeze, and deep freeze) is envisioned for multi-manned long range missions. An
alternate concept is that of storing the food in a sphere which would be trailed be-
hind the space vehicle and exposed to an essentially steady state condition of solar
flux. Relatively constant surface characteristics of the material of this sphere and
a constant solar input would assure a relatively constant temperature of the food
compartment. An artist's representation of this arrangement is illustrated as
Figure 48. This concept would require transfer to the space vehicle proper on a
periodic basis. The men's immediate food needs would again be handled by an
internal refrigerator.

C. Thermoelectric Refrigeration

A well-known thermoelectric phenomena known as the Seebeck effect has been used
for a considerable period of time as a means of measuring temperature. This is the
well-known thermocouple, where a circuit consisting of junctions of two dissimilar metals
are placed at two different temperature levels causing current to flow in a circuit. The
reverse of this arrangement is called the Peltier effect. if a voltage is applied to such a
circuit, and current caused to flow, a temperature differential appears between the two
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junctions; thus, a heat pumping effect can be produced. The advent of semi-conductor
materials provided the opportunity to convert a laboratory curiosity to a practical engi-
neering development. A circuit consisting of a positive semi-conductor element and
a negative semi-conductor element as illustrated by Figure 49 is responsible for
the current interest in the thermoelectric phenomena. These materials have pro-
vided the required combination of physical characteristics to a greater extent than had
been previously available. Nevertheless, the over-all efficiency of such an arrangement
is still considerably less than the efficiency available from standard systems such as a

vapor compression refrigerator. Thermoelectric refrigeration has aroused interest be-
cause of certain advantages not obtainable with other systems, such as the following: no
moving machinery, no problems from possible contamination by the refrigerant, silent
operation, apparently good reliability, and a reasonable level of efficiency for small re-
frigeration effect. A great quantity of current literature exists on the theoretical aspects
of thermoelectric refrigeration, and indeed some commercial applications of this tech-
nique are at present under-way. Thermoelectric materials and complete thermoelectric
cooling modules are presently available on the commercial market. Since relatively
high currents and low voltages are required for the operation of the single couple, com-
mon usage requires a number of couples in series as the best design arrangement. This
concept is illustrated by Figure 50.

The overall question of the desirability of heat pumping has been discussed in a
prior section, and the kind of coefficient of performance that would be required in order
for such a system to be advantageous has been demonstrated. The type of performance
which could be expected from a thermoelectric heat pump, utilizing present technology,
can be explained. Figure 51 illustrates the performance for a thermoelectric cooling
module which is being considered for a submarine refrigeration application. From this
figure, it can be seen that the maximum coefficient of performance is 0.3 for a corres-
ponding AT of 70 F. The heat pumping capacity of such a module is seen to be approx-
imately 270 BTU per hour. Since the module consists of 432 couples, this means that
each module is capable of pumping about 0.6 BTU per hour. For our application, it has
previously been established that a AT of approximately 900F is required. For this value,

a COP of 0. 1 exists, and a heat pumping capacity of 500 BTU's per hour or slightly
greater than one BTU per hour for each couple. The best combination of heat pumping

capacity and coefficient of performance is obtained at a AT of approximately 850 F, and
even at this value the COP is still quite low as well as the heat pumping capacity. In
order to establish the kind of maximum coefficient of performance which could be ex-
pected for the exact conditions of operation of our space vehicular refrigeration system,
Figure 52 has been prepared. This figure is characteristic of maximum COP design,

representing current thermoelectric capability as a function of the hot junction tempera-
ture with cold junction temperature fixed at -10 F. A figure of merit of 2.5 for the ma-
terial was used. This is a value typical of material presently available. The literature
indicates that future developments should appreciably improve this figure of merit, and
it is~thereforejexpected that the coefficient of performance illustrated would similarly be
improved. It can be seen from this figure that a hot junction temperature of 5300 R (70 F)
would result in a maximum coefficient of performance of 0.32. Therefore, a value of

approximately 1/3 for the expected coefficient of performance for this kind of a tempera-
ture difference has been used for the purposes of system comparison. That is to say that
for every 100 BTU's of refrigeration effect produced, 300 BTU of power must be furn-
ished, and the corresponding weight penalty for the provision of this power must be

accounted for.
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As a further Indication of the "state of the art" of thermoelectrio materials, Fig-
ures 53 and 54 have been included. These curves describe catalog advertised perform-
ance for thermoelectric materials available from a particular manufacturer. The coef-
ficient of performance which can be expected for a corresponding temperature difference
can be seen, as well as the heat pumping capacity of the couples under varying conditions.
An individual couple of this type weighs approximately 2 1/2 ounces, and this is the weight
penalty which has been assigned for the thermoelectric elements in the comparison of
systems appearing in the next section of this report.

In summary, a thermoelectric refrigeration system has advantages over many
other heat pumping systems which have been considered. However, the relatively low
efficiency of this concept and the accompanying power and weight penalty produces serious
disadvantages. Not only Is the power required to operate such a system of concern, but
also the fact that this power is converted to heat and must be rejected along with refrig-
eration effect appreciably increases the problem of heat removal. Increasingly efficient
units will tend to counteract this disadvantage and perhaps future thermoelectric systems
will be available with a less severe power penalty required. As a final possibility, a
thermoelectric refrigeration system could be considered for use in discarding heat to the
manned compartment, provided that the heat load from this effect is a relatively small
portion of the compartment heat load. In this way, any excess capacity available from
the conditioning system of the manned compartment of the vehicle could be utilized. For
example, with entire vehicle skin acting as a radiator, it is conceivable that an overall
heat balance could be achieved resulting in the required Internal compartment tempera-
ture. The refrigerator load would then be automatically accounted for and a special re-
frigerator radiator would not be required. It remains, however, for these possibilities
to be put into actual practice, and manned space vehicles will have to be built and tested
under operating conditions, before the entire thermal condition of such a vehicle is estab-
lished. In the interval, it appears reasonable to assume that the overall heat balance of
a space vehicle will be such that beat will ultimately need to be rejected to space by the
use of a radiator, other than the skin. Our refrigeration radiator could either be a part
of this overall radiator or an independent unit. In any case, it seems reasonable to as-
sign a radiator weight penalty to any system which requires the rejection of heat.
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SECTION V

COMPARISON OF SYSTEMS

The three major systems which have been considered have been compared on the
basis of system weight. This system weight is defined as a value independent of the
weight of the box itself since the basic box will essentially be the same for all three
systems. The system weight consists of those auxiliaries and appendages required in
order to make the individual systems operate satisfactorily. The actual total weight of
the system will, of course, require the addition of the weight of the box. Table 13 is
illustrative of the values which have been considered in compiling this system tradeoff
characteristic. These system comparisons have been made for the short mission dura-
tions only because of the rapid divergence of the curves Involved and the obvious desir-
ability of using a direct radiation system for long mission durations.

For the direct radiation system two variations have been evaluated. The first of
these is a system consisting of one fixed radiator, which is probably the most likely situa-
tion. The elements which have been considered for this system are the weight of the rad-
iator itself, the weight penalty of the heat transport pump and associated piping, and also
the weight penalty for the power to operate the pump. A modification of the direct radia-
tion system providing for more than one radiator or the addition of radiator orienting
equipment has also been considered. An appropriate weight penalty has been assigned
to these additional elements. The auxiliary elements of the ice sublimation system are
the weight of the ice itself and a value added for the sublimation chamber which would not
be required for the other two systems. In the case of the thermoelectric system, the
elements which have been considered have been the weight of the couples themselves, the
weight of the radiator area required for the heat to be rejected, the weight penalty for
the power required to operate such a system, and a small weight penalty to account for
the necessity of transporting the heat to be rejected to the radiator.

The resulting characteristics are illustrated by Figure 55. The ice sublimation
system can be seen to provide the minimum system weight for the shortest mission dura-
tion considered. However, this system is doubly time dependent. The refrigeration
effect (BTU's/hour) increases with an increase in mission duration because the quantity
of food to be provided increases, and also the total amount of refrigeration work (total
BTU's) increases with greater mission durations. As a result, the weight of ice required
increases with greater mission durations. Thus, the system is no longer competitive
with direct radiation beyond a mission duration of 20 man-days. The thermoelectric
system is the least efficient system of all for short mission durations until a level of
approximately 60 man-days duration is reached, at which time the ice sublimation system
weight exceeds that of the thermoelectric system. Both the direct radiation system and
the modified direct radiation system indicate the lowest overall system weight for the
majority of the mission durations. It can be seen that the need for orienting the radiator
or providing multiple radiators increases the overall system weight of a direct radiation
system by about a factor of two for the major portion of the range of mission durations
considered. Even so, the modified direct radiation system far exceeds either the ice
sublimation of thermoelectric system for mission durations in excess of 30 man-days.

The suitability of the systems can be generally summarized. The technique of di-
rect radiation, including the modified system, appears best suited for very nearly every
application, especially the extremely long range missions not represented by the figure.
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Table 13. Weight Factors Considered for Comparison of Systems, Short Mission Durations

Direct Radiation System

Mission Duration Heat Load Rad. Surfac Weight (]bs.)
(Man-Days) (BTU/hr) Req'd. ft. Rad. Only Heat Trans. Total

7 30 1.2 1.2 7.0 8.2
28 100 4.0 4.0 8.8 12.8
42 140 6.6 5.6 9.4 15.0
90 250 10.0 10.0 11.0 21.0

Direct Radiation (modified)

Total Weight Added Factor Total
Mission Duration of Rad. System for Mult. Rad. Weight

(Man-Days) from above (lbs) or Orient. Equip. (lb..) (lbs.)
7 8.2 3.8 12.0

28 12.8 10.2 23.0
42 15.0 14.0 29 0

90 21.0 24.0 46.0

tee SublImation System

Mission Duration Heat Loead Weiht (Ibs.)
man-days d [ys hrs. BTU/hr. Total BTU Ice only* &ub. Ch. Total

7 7 168 30 56040 4.6 1.0 5.6
28 14 336 100 33,600 30.5 3 33.5
42 1 4  3 3 6  140  47 1 0 0  42. 8  4 46.8

90 30 720 250 180, 000 149 10 159

*Note: Using only 1100 out of 1220 BTU/lb. available - allows 10% residue

Thermo-Electrio (COP - 0.3)

Mission Heat No. of Total Power We0t (Ibs.)
Dur. Load Elements Heat to be Added T. E. Bad. * Power Heat Total

Man-Days BTU/hr. Required Discarded BTU/hr Elem. Trans.
BTU/hr

7 30 9 20 •90 1.4t 1.5 8.8 10.0 21.7
28 100 30 400 300 4.7 4.7 29.3 10.6 49.3
42 140 41 560 420 6.4 6.6 41.0 10.8 66.8

90 250 74 1000 750 11.5 i0.6 73.3 11.5 108.1

*Note: Rad. Wt. estimated on basis of 85 BTU/sq. ft. for rad. temp. of 520°R.
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Even in the case of the very short mission duration, while an ice sublimation system ap-
pears to provide the absolute minimum system weight, a direct radiation system is some-
what competitive. The Ice sublimation system appears suitable for use for very short
mission durations only, and would appear to be out of consideration beyond a value of 20
man-days unless a system of ice resupply could be made available. Of course, numerous
estimates have been made in the preparation of each of these curves such that they should
properly be represented by bands rather than single lines. Thus, it is improper to estab-
lish an exact cross-over point beyond which one system far exceeds another. Therefore,
the cross-over point itself has not been used to establish the useful limit of the system,
but an added margin has been used instead. If a real need for a 20 man-day mission dura-
tion or less were established, the ice sublimation system should be seriously considered
since in addition to weight factor, several other advantages exist. The system is ex-
tremely simple and does not require a radiator with the corresponding elimination o" con-
cern regarding orientation. A thermoelectric system has no apparent advantage regard-
ing system weight, as was to be expected from the analysis of the heat-pumping situation
made earlier in the report. However, this is a system which is in operation here on
earth and has proven capability. It is also simple and quite reliable such that operation
in space could not be expected to result in a deterioration of performance. The system
weight, however, diverges so rapidly from that of direct radiation that it does not appear
feasJble to consider this system for any mission where minimum weight would be a prime
requLrement. The major element contributing to this large system weight is, of course,
the power required, again a factor of serious concern for space vehicular application.
It appears that a considerable improvement in the efficiency of such a system would have
to be acoomplished before this type of system would be feasible for use for space vehic-
ular use.



SECTION VI

DISCUSSIONS OF RESULT8

In many areas throughout the course of thfs sfudy it was necessary
to examine the borderline of knowledge in order to predict the direction
in which future development would take place. However, in order to make reasonable
assumptions and arrive at a comparison of systems, it was necessary to select values
which represent present "state of the art." Values were selected which appeared realis-
tic and deemed capable of being produced if a model of the particular system under con-
sideration were to be built. In a few cases, the "state of the art" has already advanced
beyond the values selected at that point in the study. However, it has been attempted to
demonstrate the net effect that such a change would produce.

Since a system of direct radiation appears to be best suited for practically all mis-
sions which can be conceived of, it Is this concept which is primarily recommended for
future effort. A model of such a system could be readily constructed and tested in order
to further evaluate system performance. None of the other systems considered appear
worthy of further consideration, with the possible exception of the ice sublimation system,
which, however, is severely mission limited. A model of such a system could be built
and tested if the requirement for a short mission duration is established.

A further development resulting from thib study is the apparent need for complete
information on the a/f, or absorbtivity to emissivity ratio of radiator coating materials
and the capability to sustain this value after exposure in space. It can be seen that if a
sufficiently low value can be established and maintained, it would no longer be necessary
to be concerned about orientation with respect to the sun. That is to say, by proper ad-
justment of this ratio, solar energy can effectively be shut out of the radiator and only
low level radiation in the temperature range of the refrigeration effect could be emitted
by this radiator. Earth orientation, however, would still remain a problem in that it
would not be desirable to maintain the radiator parallel to the surface of the earth at a
relatively low altitude. Since the temperature level of the earth's radiation is of the order
of magnitude of the radiation being emitted from the radiator, the radiator would be free
to accept this large quantity of earth radiation. Therefore, for a low altitude earth-
orbiting vehicle, complete control of surface characteristics would not entirely provide
a fool-proof system without requiring further control of the situation.

Another situation which should be carefully examined is the complete integration
of the containers, the food warming system, and the refrigerator. It is obviously neces-
mary to provide a completely integrated food preservation and servicing system intended
for a specific vehicle. When a specific vehicle is to be considered, the availability of an
existing heat sink in the form of an appropriate low temperature medium should also be
very carefully evaluated.

The problem of providing food in containers permissive of temperature storage and
also the addition of heat in order to warm the food prior to consumption is a problem
closely related to the design of the refrigerator. Thus, the philosophy of the interval de-
sign of the refrigerator itself must be considered. Here we must examine two conflict-
ing concepts. From the standpoint of the necessity to ultimately heat the food and its
container, it would appear desirable to refrigerate the food at the highest possible
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temperature compatible with the ability to prevent deterioration. On the other hand, the
establishment of tight tolerance limits on the refrigerator increases the difficulty of the
temperature control problem. That is to say, the refrigeration system control would
greatly be simplified if a maximum temperature were all that were established. Thus,
if the food were required to be maintained at a temperature below 00 F, and one were not
concerned with how low the temperature became, control would not be quite as serious.
There is, of course, the possibility that extemely low temperatures would be harmful to
the food, or in some way reduce its acceptability. This should be determined. If it ap-
pears suitable for the food to be stored for long periods of time at extremely low temp-
eratures a three-zoned refrigeration system as has been mentioned previously appears to
be appropriate. This would mean that most of the food would be stored at a relatively
low temperature with a corresponding relatively wide tolerance range established on this
particular temperature. Prior to consumption, the food would be placed into a tempera-
ture zone approaching the upper limit necessary for preservation. This would then re-
quire the addition of a minimum amount of heat in order to warm the food prior to con-
sumption. ".'e three-zone provided would be a chill area. A form of this concept appears
possible for use even in a relatively small refrigerator. It is possible, for example, to
provide a built-in thermal granient within the refrigerator, let us say from the back end
to the front end, where access to the refrigerator is provided. The food would then ad-
vance from a relatively colder portion of the refrigerator to the warmest area immediat-
ely prior to removal for use.

The question of providing a chill space in the refrigerator also requires some dis-
cussion. A separate control system and separate radiator surface maintained at the spec-
ified chill temperature appears to be an unnecessary additional complication. An adequate

solution to the problem of providing a chill space appears to be that of proper control of
the insulation arrangemeet. That is to say, a buffer zone of the required higher chill
temperature can be provided between the outside of the refrigerator and the low tempera-
ture freezer compartment. If a thermoelectric or other beat pumping system were used,
it then might be relatively easy to provide a specially controlled chill compartment. How-
ever, utilizing a direct radiation technique, this arrangement is considered inadvisable.

Regarding the capability to store fecal matter in the refrigerator, aside from the
aesthetic undesirability of so doing, there appears to be no engineering reason why this
cannot be accomplished. The heat load produced is not significant, and the volume oc-
cupied is relatively small, especially if provisions were made to incorporate the ability
to store this material into used containers. It would appear that this would be the best
manner in which to store this material, since the provision of a separate compartment
would entail reservation of a comparatively large volume. The volume necessary would,
of course, already be made available within the refrigerator proper as food is consumed.
The interior of the refrigerator could be appropriately arranged such that the fecal mat-
ter would in effect be separated from the food yet to be consumed. One could summarize
this situation by saying that If the astronauts don't mind this arrangement, it could cer-
tainly be designed into the system.

The foregoing has primarily dealt with those applications deemed most likely in the
immediate future. The concept of multi-man missions for relatively longer periods in
space requires a somewhat different approach. Food volume and food weight can be seen
to rapidly come to significant numbers. In terms of the concepts proposed, it would be
obvious that an immediate remedy for this situation would be a reprovisioning arrange-
ment. With food regularly resupplied, very large quantities would not be required at any
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one time. This would not basically alter the refrigerator concepts which have been de-
veloped, but would instead modify the size of the rofrigerator to be'installed on board the
vehicle. Thus, the multi-man space vehicular refrigerator is still envisioned as a direct
radiation system utilizing a heat transport fluid.

Certain concepts, however, at this point become more attractive, such as the de-
sirability of providing a passive system of radiationilf possible. The trailing spheres
concept of maintaining steady state inputs and outputs, for example, should be considered.
Other possible means for varying the absorbtivity to emissivity ratio of surfaces should
similarly be investigated. Heat pump developments must be carefully watched. The
problems existing in the use of heat pumps, as stated in this report, will probably be con-
tinually attacked with resulting improvements. Problems such as liquid vapor separa-
tion mentioned for the vapor compression system will be solved, as this concept is neces-
sary in many systems other than that of refrigeration. Nuclear power plants utilizing
Rankine Cycles will find it necessary to resolve this problem long before it is solved for
the space refrigerator. Power requirements will be reduced and weight penalties result-
ing from the provision of power will likewise be reduced. It is entirely conceivable that
futuristic vehicles will have available more energy than possibly could be used, in which
case heat pumps, particularly simple and reliable ones such as the thermoelectric system
should be seriously considered to produce the refrigeration effect required.

Another aspect of the problem must also be considered, If resupply were not pos-
sible such as in the case of a deep-space exploration, another look must be taken at the
food provided. Since the weight and volume of the kind of foods which have been considered
would be extremely large if used for deep-space penetrations, it would appear that some
cutoff point for such foods would exist. There must certainly be a point beyond which we
would not consider providing this highly acceptable food form individually peckaged. We
would, instead, in order to accomplish overall mission objectives, accept a denser pack-
aging of foods at a lower weight per man-day stored. This would, of course, mean de-
hydrated food. With dehydrated food and a closed cycle water system, the volume and
weight requirements could be greatly reduced. The food storage system under such an
arrangement could be conceived of as a series of large hoppers packed with granules of
concentrated food provided with a means of expulsion. Of course, with such a concept
it would appear that no refrigeration would be required and these foods could be stored
at room temperature.

Even with such a system we would again reach a cutoff point. For a trip to a distant
planetary system, the times involved might be so great that the space vehicle would have
to be essentially one big food container. Thus, we reach a point where an open cycle
system of providing food is entirely unacceptable and the concept of a closed cycle must
be applied. That is, food would have to be regenerated from the waste products produced
by man and his equipment on board the space vehicle. Such a system, of course, would
be utopian, since the astronauts would then have the capability of sustaining their own
existence for an unlimited period of time. There are perhaps some other regions between
these which have been discussed, such as a partially closed cycle supplemented by stored
components which we are unable to regenerate. However, there is no question that if we
are to explore distant galaxies, we must ultimately be able to develop a completely closed
system. If man is ever to set foot on all of that realm of the universe that he is presently
aware of, he will have to learn to like algae or some other product resulting from a re-
generative cycle.
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APPENDIX 2

FOOD STORAGE COMPARTMENT HEAT LOAD CALCULATIONS,

Heat Leak - Wall

Polyurethane K = 0. 16 BTU-ln/hr. ft 2F0

Polyethylene K = 1.0

Gasket K - 1. 35

Air (still) K = 0. 163

Aluminum K = 1200 F*OOD

POLYLdJ1AFPVMUE T

- ATxA AIR OAP C

K ~h -y145 SýTO/Ng 'F-F12 -7'- 0E jF:I dF.

110O TV/1VT.--'V -*p
Q=rate of heat transfer (BTU/hr.) (C-4wint~ -M

rCABIN4

AT = temperature difference

.t A =l1ft2

L = length of heat pathin in.

K - thermal conductivity BTU -in/hr. ft 2F

h = heat transfer coefficient BTU/hr.ft 2Fo

c = Summation

[75'F - (-10'1) 1x 1 F

+ i 3(0.061 0.031 1 0.125 0.38 2(0.06) +&-ýi) 1
(1.65 1200 +0. 1.63 +0.16~ 1 0.6 1 41 10) (T/rft2 F0
out- Alum. air Foam Poly Food Food Food Con.(T/rfF)
side gap strip air Cont. to

gap Shelf

Q 85 0 F Ft 2

(0. 606 + 0. 00015 + 0.19 + 6.26 + 0.125 + 2.33 + 0.12 + 0. 488 +0. 1) (1/BTU/hr. ft. OF)

tLKAt - 5.04 At - 0 At - 1.58 At - 52 At - 1.04 At - 19.3 At - 1lAt - 4.02 At = 4.02 At - 0. 83
A

Q 85OF Ft2

10.21915( 1- 8. 3BTU/hr. for a 1Ft2 Area
(BTU/hr. ft2 FO)



H W L

Total Loss Through Walls 21.75" x 11.75" x 12"

1.8' 1' 1'

Front Side Top

A - 2(1.8x1)+2(1.8x1)2(lxl)

A - 3.6+3.6+2-9.2 Ft2

2 2QTotal - 8.3 BTU/hr. Ft x 9.2 Ft - 76.4 BTU/hr.

DOOR OPENING - HEAT L(6

Total Internal Volume (not counting food or shelves)

V - 1.8xlxI-1-.8' 3

Say 1 air change for each opening

Air density @ STP e - 0.075 lb/ft3 Specific heat C - 24 BTU/lb. F0

p

&t - 850

Weight Wair - 0.075 lb/ft3 x 1.8 Ft3 - 0.133 lb.

6H = W C At = 0.133 lb. x 0.24 BTU/lb. F° x 85 F° - 2.71 BTU/opening
ap

Heat Removal due to Moisture Influx

Air @75 0 F and 50% RH has 64 gr H20/lb/dry air

7000 GR - 1 lb.

64
x 0.133 lb. dry air - 0.00122 lb. moisture/air change

When cooled to 00F and 100% RH spec. humidity is <10 gr. moisture/lb. dry air

64 - 10 = 54

• 54
-i0 x 0.133# - 0. 001025 lb. moisture will condense

Total Heat removed from moisture

Sensible Heat Latent Heat
0.00122 lb. x 1 BTU/lb. F° x 85°F + 144 BTU/lb. x 0. 001025 lb.

0.1036 BTU + 0.148 BTU - 0.242 BTU heat removed from moisture
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Assume 1 opening per hr.

Air change + ice forming

2.71 BTU + 0.242 = 2. 952 Say 3 BTU/hr.

DOOR GASKET - HEAT L0SS

POLYJRETHAIJE
POO)R ••i• RETR16"

WALL

Conduction through breaker strip (one) MODVLZ
[I i e VALI-

K = 1.0 A =- x 2 (12 - 21.75) 1/6

POLYE-T-YLEMIE~
8.44 in 2

A = 44 =o. 0585 ft144

Q = KA At

Q - 1.0 x O. 0585 x 52 - 3.04 BTU/hr.

Conduction through air gap and gasket

Q - KAAt Kpasket -1.35

At- 520 K air - 0. 163

A - 0.0585 it2

0.0585 ft2 x 52F 3.04 3.04Q .. . . .. - 1.34 BTU/hr.
1 5 0.5 2.27

0.163 1.35 0.22

Conduction through aluminum strip

L[t A I ft
2

AtxA 52 x 1
k L 1 0.125 1 1

K h 1 1200W 1.65
POLY AL OUTSIDE

52 52
0.125 x 0.000834 + 0.606 - 0. 731834 71 BTU/hr. per sq. ft.
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A - x 2 (12 -21. 75) 2-4 2 - .05 t

144in 
06/ftt

Q - 71 BTU/hr./ft2 x 0.0586 ft = 4.16 BTU/hr.

Total Door Joint Heat Loss - 3.04 + 1.34 + 4.16 - 8.54 BTU/hr.

Total Heat Loss Walls - 76.4

Openlng - 3.o

Door - 8.54
87.94 BTU/hr.

PULL DOWN - HEAT REMOVAL - CHILL COMPARTMENT

FOOD CONTAINERS

C - 0.23 (AL-Mu--)

C = 0.55 (Po&.yrrTYLr•lF)P

Wt = 0. 1#

Assume pull-down ap 75°F to 32F,(Al)

No. of containers 6 aluminum containers 15 in3 each)

16 polyethylene tubes 34 In3 each) approx.

AH = WxC At

P

AH = 0. 1 x (16) x 0.55 (75-3 -= 37.8 BTU must be removed from tubes

AR = 0.1 x 6 x 0.23 (75° - 32P) = 5.94 BTU must be removed from containers

FOOD C = 1.0 Food (Assume same as water)
At p

ESTIMATE

FREEZER* 180 Bread Items cc 0. 1# = 18#

30 Coatalner Items @ 0. 4# = 12#
30#

CHILL 16 Tube Items @ 0.4# = 6.4#

6 Container Items @ 0.4# = 2.4#

10 Bread Items @ 0. # = I._0#
9.8#

*No pull down required.
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H f 9.8 x 1 x (75-32) *. 422 BTU (must be removed from food)

+e2. BTU
43.74 (BTU must be removed from tubes and

containers)
TOTAL 465.74 BTU

Assume Pull Down over a 12 hr. period

465.74 BTU17 BU = 38.8 BTU/hr. for 12 hrs.12 hrs.

SUMMATION OF HEAT REMOVAL LOADS

76.4 BTU/hr. "Steady state" wall heat leakage

3.0 BTU/hr. Door openings (one per hour)

8.54 BTU/hr. Door Joint Leakage

38.8 BTU/hr. Pull down (for 12 hours)

126.75 BTU/hr. Total Load while chill compartment is being pulled down

Say 130 BTU/hr. for first 12 hours

"Then 90 BTU/hr. for rema--ier of time.

151.



APPENDIX 3

LOW TEMPERATURE RADIATOR DESIGN PROCEDURE

Stefan Boltzmann LAw

The basic equation for radiation from any body is:

Q = a AT 4  (7)

where Q = heat rejected by radiation, BTU/hr

a = Stefan Boltzmann constant

0.1713 x 10-8 BTU

(hr) (ft 2) (O R)

c= emissivity of the surface, dimensionless

A = total radiating area, ft2

4 oT - temperature of radiating body, R

The terms in this equation are discussed separately below.

Emissivity and Absorptivity

From the above equation it can be seen that the higher the emissivity, C, the greater
the amount of heat that can be rejected from a surface. Furthermore, it should be stated
here that an efficient space radiator should have a low solar absorptivity, 8, to minimize
the amount of high temperature solar energy that is absorbed. The significance of the
ratio of solar absorptivity to emissivity, 8/f, regarding the determination of radiator
heat rejection capabilities as well as the establishment of effective space heat sink temp-
erature are discussed in detail in Appendix 1 and later in the appendix.

Temperature of Radiating Body

For a fin tube construction, there will be a temperature gradient in the fin. Figure
56 shows several fin profiles. As the fins become thinner the temperature at the tips
becomes lower for a given heat input. Then the mean temperatures Tm I1, Tm2, Tm3,
change, and the area required to dissipate a given quantity of heat changes. To eliminate
one of the variables, all temperatures are compared to the temperature at the root of
the fin, T . From Figure 56, the following equation can be derived:

r

Q1 = Q2 = Q = the heat in

4 4 4
1 ml = 2 Tim2 = c A3 Tnm3

4 4 4
A1 Tmlff 2 Tm2ff 3 Tm3
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/t~-WlTH b"822 THICKNESS

ROOT
TEMPERATURE Tr ----- l-

HEAT ENTERS AT ROOT TEMPERATURE Tr, AND RADIATES FROM BOTH SIDES

AT MEAN TEMPERATURE Tm. FROM AREA A- 2 bL.

TmI

Tr QI Oa rAI T4 1

Tm2

Tr 02 - V6 A2 T4,.2

Tm3

Tr C •g A3 T4 3

FIGURE 56

FIN TEMPERATURE AND
RADIATION
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4jTm 44
(et) (2(T. )

I~?7 (T) 12 (T) '3 (Tr

1rhen A, 17 T 4  A2 1 2 T 4 = A 3 ?73 Tr 4

A1 1 = A2 ?72 = A3 ?73 =A 1

In general

Q = oCA17 T 4  (8)

Then, fin width, (hencearea) thickness, thermal conductivity and root temperature can
be combined into a radiation modulus and plotted with fin efficiency f? as in Figure 57.

The radiation modulus is given as:

of b T
Mr k 8 r (9)

where Mr = the radiation modulus, dimensionless

b = - the tube spacing, feet
2 2o

k = thermal conductivity of the fin material, BTU/(hr) (ft2) (°F)/ft

8 = - the fin thickness, feet (for radiation from 2 sides)
2

Tr = temperature of fin at root, 0R

0, ( defined above

Effect of Sink Temperature

Appendix I indicates that a flat plate in orbit with no heat input will experience cyclic
temperature changes. For a given point in the cycle with a fixed position, orientation,

solar absorptivity and emissivity, the plate will reach an equilibrium temperature, T
At this temperature, the incident heat (sun, earth and earth albedo) will be radiated t9

space at the rate of

4
Q = a(AT (10)s

This temperature will reduce the capabilities of the plate to radiate additional heat. Thus,
equation 8 should be modified to read:

4 4
Q = ofA(77 T -T ) (11)

where the new term T is the effective sink temperature. For COOL, T was estab-
lished as 3600 R. (Appendix 1) 155
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The inclusion of T. in equation 11 reduces the radiative capacity of a fin. Thus, the fin
thickness given by equation 9 and Figure 57 will be greater than actually required to dis-
sipate the heat of equation 11, resulting in a fin thickness design that is conservative.

Design Steps

For the synthesis of the radiator, more equations than 10 and 11 are needed. In
fact, the number of equations that are available is less than the number of unknowns.
(More equations introduce more unknowns.) This means that various assumptions were
made. The equations and assumptions are given in the steps that follow.

Radiation Equation

Q-aA(Tr4 T4 (11) repeated

Q = 1000 BTU/hr (from refrigerator load with safety factor)

a = 0.1713 x 10- 8  BTU (Stefan Boltzman Constant)
(hr)(ft 2) (R R

S= 0.9 (for TiO2 paint)

T = 360°R (given)

s

Unknowns = A, 17, T
r

Mean Fluid Temperature

Q = Wc 6&t (12)p c

Q = heat to be dissipated, 1000 BTU/hr

c = specific heat of coolant, 0.780 BTU/Ib0 RP

Unknowns W = flow rate lb/hr

6tt = temperature drop in coolant, OR

A t
CC

Tm = T - T (13)
Cm 1 2 (3

where T = Mean coolant temperature, ORcm

Ti = Inlet coolant temperature, 0R
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Fluid Convection

'The heat transferred from the fluid to the tube wall by convection is given by the
equation:

q = h SAt (14)C w

where q = Q/N (15)

but S = vDL (16)

and ]1/3 0.14
h= 1.86 (17)
c DL k cLJ 'V

thus
t /i014 (18)

l.86kL DVP c . 1 PLw

where the new terms are:

L = length of tube, feet

k = thermal conductivity of fluid
C

BTU

(hr) (ft ) ( F)/ft

D = inside diameter of tube

V = fluid velocity, ft/hr

P = fluid density, lb/ft3

p = absolute viscosity of fluid at bulk Temperature lb/(ft) (hr)

=w f absolute viscosity of fluid at tube and temperature lb/(ft) (hr)

N = number of tubes

q = heat flow per tube, BTU/hr

h - convection coefficiest,
BTU

(hr) (ft ) ( R)
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S = total inside surface of tube, ft2

At = temperature drop from bulk of fluid to tube wall, 0 Rw

The term DV_0 is known as Reynold's number.

The velocity and density, however, are functions of the weight flow and tube
diameter.

VP = 4W (19)
D 2

then DVp _ 4W (20)

Wc

and D~ .D 4 W (21). k L Tr k LC C

In order for equation (17) to apply,

4W we
4_W < 2100 and p-- > 10 (22)

c

The three unknowns are W, D, and L. Considering the refrigerator requirements and
the inequalities (22), the flow rate W can be estimated. Then D and L have a limited
range of values. As they are varied, and the number of tubes are varied, Atw varies.
The diameter and length also affect pressure loss; hence before proceeding, the pressure
should be checked.

Fin Root Temperature

For a set of assumptions of N, W, D and L the temperature difference Atw can be
determined. There will be a small temperature drop through the tube waill, but since
other factors have been conservative, this temperature can be neglected.

By assuming W, A t can be found from equation (12). The coolant inlet tempera-
ture T1 is set by refrigerator requirements (at 450 0 R). Thus, T can be found and
T can be found by:

r

T = T - At (23)r cm w
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With Tr determined from (23) only two unknowns remain in (11). These are fin area
and fin efficiency. Assuming an efficiency, the total required area can be computed.
Since L and N have been assumed, the fin width "b" can be found from:

b - -- (24)
4NL

where the factor 4 takes Into account two fins per tube, with radiation
from both sides of the fin.

At this point there is sufficient data to determine Mr from Figure 21 and fin thickness 8
from equation 9.

Tube Wall Thickness

The thickness of tube wall is a function of meteorite size and probability of puncture
There are several methods of computing thickness with various results. One equation
giving somewhat conservative values for tube thickness is:A T 0.3

d = 0. 0436 [--•] For Aluminum Tubes (25)

where d = tube wall thickness, inches

A = projected area of tube, ft2

v

,r = time of mission, years

P = probability of return with no penetration of tube wall in time, expressed as
a decimal.

Low Temperature Radiator Calculations

Following are calculations which established the specific radiator size required:

Radiation Equation Given

(I) Q a(A [11 TR4- TS4] Q =.heat rejected by radiator, 1000 BTU/hr.
(with a safety factor)

Unknowns a= Stefan-Boltzmann Constant

A - radiator area, ft2  0. 1713 x 10-8 BTU/hr. ft2 OR4

7 = emissivity, 0. 9 for T102 paint
11= fin'efficiency

0 T S effective sink temperature, 360 R
TR= temperature of fin at root, R. ( vfor a 200-600 mile earth orbit)

1it



Mean Fluid Temperature Given

(2) Q - WC at Q - beat rejected by radiator, 1000 BTU/hr.

Unknown C = specific beat of 0.78 BTU/Ib. ORP

At = temperature drop W = flow rate @ 0.28 GPM, 114 #/Hr.C

At 1 1000 BTU/hr. 11. 0 R
c WC 114 Ib/hr. x 0.78 BTU/Ib. OR

p
at

(3 ) Tm = T - 2

Unknown Given

Tom = mean fluid temperature, OR T, Inlet fluid temperature, 460°R

T = 460- 11.3 = 454.4OR At = 11.3 0 R
cm 2 c

Fluid Flow Given

(4) R = DVe D = inside the tube diameter, 0. 0254 feet
e iA

Unknown V = fluid velocity @ 0.214, 3440 ft/hr.

R = Reynolds number e = fluid density of glycol @ 0°F 66#/ft3e

S= absolute viscosity of glycol, 58 lb/ft hr.

R 0. 0254 ft x 3440 ft/br x 66 lb/ft 3
e 58 lb/ft hr. = 100 Laminar

Iaminar flow is desirable in order to reduce the frictional head loss in the tube and thus
reduce the pump power required to circulate the transport fluid. Although laminar flow
also reduces the heat transfer through the fluid film, pump power was used as the criter-
ion for selecting fluid flow. Also the 3/8 inch 0. D. tube is used in the above calculation
because it is easily fabricated into a radiator configuration.

Therefore two radiator flow paths in parallel with the same tube size as above
will be used in parallel thus decreasing V from 3440 ft/hr. to 1720 ft/br.

Now R = DV 50e V

Fluid Convection for LAminar Flow

(')At =
w De C * D 1/3 -14

1.861KC LDVe x K x y
c L wI
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Given

q - heat rejected by each side radiator, 500 BTU/hr.

L = length of tube in each radiator side, 50 feet

K = thermal conductivity of fluid 0.24 BTU/hr. ft. °FC

D - inside diameter of tube, 0. 0254 feet

V - fluid velocity, 1720 ft. /hr.

e - fluid density @ 6 lb./ft. 3

C - 78
p

-14
-0--1 1 for smal t

AW c

AS - absolute viscosity of fluid at bulk temperature of 00, 56 lb. /ft. hr.

Unknown At = temperature drop from bulk of fluid to tube wanl, OR. By substitutingw

the above values in equation (5)a value t At = 4.3 0R is obtainedw

Given

(6) TR = Tcm -Atw Tom - mean fluid temperatore 454.4°R (See
Equation #3)

Unknown At - temperature drop from bulk of fluid to

tube wall, 4.30R (See Equation #5)TR = temperatur• offinat root, °R.

TR = 454.4-7.8=5160°R.

(7) MR-ob2T
K6 Given

For maximum fin efficiency, let 6 = 0.010 inch,
- 0.000635 feet, b o 1.0 Inch - 0.0635 feet
(estimated from preliminary calculations).
a - 0. 1713 x 10- BTU/hr.ft.2 0R4 (Se
Equation 01)

A&



= 0.9 TIO2 paint

TR = 450°R (See Equation #5)
k = thermal conductivity 6061-16 aluminum,

90 BTU-ft/hr. ft2 OR

Unknown

MR = Radiator Modulus b = 1/2 tube spacing, feet

8 = 1/2 fin thickness, feet (radiation both
sides)

0.1713 x 10-8 BTU/hr ft °R4 x 0.9 x (0.0835 ft)2 x (450 R)3 = 0.0117
MR = 90 BTU Ft/Hr. Ft oR x 0.000835 ft.

From Figure 57

11 = 0.99 fin efficiency

Substituting the derived values into Equation #1

A - q 4 4 10-8 500 BTU/hr.
cc [qTR4-TS4 - 0.1713 x0- BTU/hr. ft2Oe4 x 0. 9 [0. 99 (4500R), (3600R)4]

A = 13.1 ft
2

x 2 two parallel radiators
26.-2 ft2 Total Radiator Area (or 26 sq. ft.) Required
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APPENDIX 4

AIR CONDITIONER HEAT EXCHANGER DESIGN

USING NTU-EFFECTIVENESS METHOD (REF. 2)

SPINED FIN TUBE CHARACTERISTICS

Total air side surface/lineal ft. of tube - 1.44 ft2/ft

Total liquid side surface/lineal ft. of tube .L 11 ft 2/ft

Internal Hydraulic Radius

D =4r, 4 AREA
H h WETTED PERIMETER

4.4 x 104 x 4 -4= 83.2 x 10 ft.DH = 0.211

TUBE CROSS-SECTION

HEAT TRANSFER FLUID CHARACTERISTICS 50% H 20 - 50% Ethylene Glycol

cp - 0.780 BTU

lb. 0 R.

lb.
p - 66 ft. 3

ft.3

lb.
M - 12.8 tb.

f t. hr.

K = 0.242 BTU

hr. 0 F. ft.

Assume liquid side flow rate = 5.5 GPM

* BTU
WT. FfLOW -66 x44.2 = 292e ! C - W x cp2920 x0. 78 2280-1Tu'. c c hr. 0 R.

Colrl Side Fluid Temperature Rise

Q - wc•# Tc

18650 - 3180 #/hr. x 0.78 AT0

AT = 7.5 0 F
c
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Il AIR FLOW RATE REQUIREMENTS

Gross sensible heat load - 18650 BTU
hr.

Design is to be such that coil temprature is to be above the dew point temnperature
for 75 0 and 50% R. H. air mixture (55 F). Therefore~assumed that Thout = 5 9 F (dis-
charge air temperature)

Thin = 75 0 F and 50% R. H.

From Psychrometric Chart

hh.- 28.3 BTU
lb.

For 100% sensible load (SHF = 1. 0)

hhout - 24. 0 BTU 59°F and 85% R.H.
1860.l

18650 .=4330 -b_req'd 28.3-24 hr.

CFM @ 1.0 atm 962 CFM

CFM @ 0.5 atm = 1924 CFM

C =wxcp-4330x0. 24=1040 BTU

H hr. 0R.

IV EXCHANGER ARRANGEMENT

(Liquid side) 12 parallel paths, 4 passes/path

Total high side area: Total Ah - 1. 44 ft 2/ft x 48 lengths x 2. 75 ft/length =190 ft.

*2 AhAh = 1. 44 ft•/ft. .. --- 6.83
C

A = 0.2-11 ft2/ft. Total A = 27.8 ft 2

C C

Air side free flow area = 1.58 ft2 (Ref. 3)

Air side velocity = 9-6 = 600 FPM

hair side = 29 BTU/hr. 0 F ft 2
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Air Side Extended Surface Overall Effectiveness

Assume 90% fin efficiency, 77f

Af
7 oh= 1-_1 (I-l-•f)

178?1oh=1j-• (1-0.90)

17oh= 0.906

V DETERMINE UA REQUIRED CONFIGURATION CHOSEN (NTU-EFFECTIVENESS)
Cc (tco -tcl)

Sc .0 c = 2280(7.5) At 7.5

Cmin (th -tc) 1040 (20)

S= 0.824 (effectiveness)

-r % 75 OF.

lwp'p. CO

PtT,

Cmin 1040- - 0.486
Cmax 2280

Assume cross flow configuration

From Ref. 2 page H-135.

Cmlin
Uslng ". 0.456 and =0.823

CmaxT



NTU -3.0

UA required - NTU x Cmin

UA required - 3.0 x 1040 - 3120 BTU/hr. - OR

VI DETERMINATION OF US "AVAILABLE" FOR CONFIGURATION AND SIZE
ESTABLISHED

Liquid side Reynolds No.

N 
H af

44.2 ft3/hr.
V 12x4.4x10-4 ft2

= 8350 ft/hr.

M - 12.8 Lb./ft. hr.

0.832 x 10-2 x 8350 x 66
RN= 12.80

R - 358 (Laminar)

hec DI, fwc 't1/3

"K = 2.02 KL (Falres Form. 101, Ref. I)

S- 2.02 (243x0.7813 0.242
c (0.243 x 11) O. 832 A 10-2

- 2.02 (71.5)1/3 x 0.291 x 102

- 2.02 x 4.15 x 29.1 - 245 BTU/hr OF ft2

1 1 1

ý A ' ; f h b A 0h c
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1 1 1

UA 190 x 0. 906 x 29 +27.8x245

1 1 1
UA 5000 6820

= 0. 0002 + 0.00046 =0. 000346

UA = 2900 Available as opposed to 3120 BTU/hr 0R required

CONCLUSION

"Tnws configuration will be adequateslnce air flow path approaches counter-flow
configuration rather than cross flow as assumed, a conservative assumption, since;

NTU for counter-flow = 2.4 (page H-135, Ref. I1)max

AU = NTU x Cminreq'd max

AU =2.4x 1040req'd

= 2500 BTU/hr. 0R
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APPENDIX 5

HIGH TEMPERATURE RADIATOR SYSTEM

Radiation Equation Given

Q y = e A t17Tj ~TS4 Q b eat rejected by radiator, 18650 BTU/hr.

= Stefan-Boltzman Constant
0. 1713 x 10-8 BTU/hr. ft2 OR4

C = emissivity,O. 9 for Ti 02 point (II)

T = effective sink temperature 36001R)
(for a 200-600 mile earth orbit )

7= fin efficiency same as low temperature
system,O. 98

Mean Fluid Temperature Given

Q = WC pate Q = heat rejected by radiator, 18650 BTU/hr.

A to = temperature drop C = specific heat of FC-75 @ 550 F& 263 BTU/IbORP

Ate- = 18650 BTU/hr.
WC 9210 lb/hr. x 263 BT94b-R W = flow rate @ 103 GPM, 9210 lb/hr.

&tc : 7 7 t*

T =T at
cm, 1 2

Unknown Given

TT = Inlet fluid temperature 523. 20R
Tcm= mean fluid temperature, OR A te = 7.70°R

cm At .O

T = 523.2 OR -0 .7°R
cm 2

T = 519.3 OR
cm

Fluid Flow Given
DV

Re = e D = inside tube diametera. 0254 feet
e-

V = fluid velocity @ 10.3 gpm, 1.64 x 105 ft/hr.

Unknown 3
e = fluid density of FC-75 @ 55 0 F, 111 lb/ft.

11 = Reynold's Number50R =s = absolute viscosity of FC-75 @ 55°F,
4.2 lb/ft. hr.
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34 0 1/3
12 2000x r[.265 BTUtIb. OR x 4.2 lb/ft. hr O. 0254 ft x 1.86x3.14x'08SBTUft/hr ft ORx35 � L Q.083 BTUft/hr. ftz°OR x 3 xlf

Re = 0. 0254 ft. x 1. 64 x 105 ft/hr. x 111 lb/ft3 = 110500 >2100 Turbulent

4.2 lb/ft. hr.

Make a minimum of 55 parallel passes

Re = 2000 < 2100 Laminar flow to reduce pump power

Fluid Convection for laminar flow

qAt =o_,
1. 86a K L x x -R- 1/3

c $A Ke - L • w /

Given

q = heat rejected by each radiation (55), 340 BTU/hr.

L = length of tube in each radiator, 35 feet (estimated from preliminary calculations)

Kc = thermal conductivity of fluid FC-75 @ 55°F,O. 083 BTUft/hr. ft2 OR

DVP
# = 2000

Cp = specific heat of FC-75 @ 550 F,O. 265 BTU/lb. OR

A = absolute viscosity of FC-75 @ 55°F, 4.2 lb/ft. hr.

D = inside tube diameter, .0254 feet

(-L--.14 = ifor smallAte

Unknown

A tc = temperature drop from bulk of fluid to tube wall, OR

Ift



A t = 7.420 R Given

TR = T -Atw T = mean fluid temperature, 519.35°R (Eq. #3)
cm cm

A tw = temperature drop from bulk of fluid to tube
wall, 7.420R (Eq. #5)

Unknown

"TR = temperature of fin at root, OR

"TR = 5.19.35°R -7.42°R = 511.93°R

Substituting the driven values into Equation #1

A q 340 BTU/br.

e c [ T4 -Ts] 0.1713x 10 BTU/hr. ft2 OR 4 xI.9 F 98(511.93oR)4-(3660R) 4 ]

A = 4.83 ft2

x 55 parallel radiators
265 ft2 total radiator area



APPENDIX 6

EVAPORATOR

EVAPORATOR EQUATION

Q = wCp At

UNKNOWN KNOWN

A t = change in fluid Q = heat transfer, 18650 BTUhr.

temperature0 R W flow weight, 9210 lb.
hr.

Cp = specific heat @ 55F;.263 BTU
lb. OR

a t = = 18650 BTU/hr. =7.70R
wCp 9210 lb. /hr. 0.263 BTU/lb°R

Fluid (FC-75) Flow Inside Shell

Section Area Shell = 28. 2 in2

Area Tubes 4. 0 in2

24. 2 in2

144 tn2/ft2 =0. 168 ft2

9210 lb/hr. 3
111.3 lb/ft 3 

= 82.8 ft3/hr.

-Rate 82.8 ft3/hr. 493 htVelocity~ ~ ~ = ar. 037f.sc
elocity Area 0. 168 ft 2  3600 sec/hr.. . 137 ft./sec.

Circumference shell = 1. 570 ft.

3. 53 ft.
Circumference tubes - 5. 0 ft. wetted perimeter

5.e 10 168t.

Hydraulic Radius = 168 =0. 033 ft.
Wetted perimeter 5.1 ft

FLUID FLOW

4RRVe
0

Re1 =



Unknown Known

Re = Reynold's Number Rh = hydraulic radius,O.033 ft.
V = fluid velocityO. 493 ft/hr.

e = fluid density @ 55 0F, 111.3 lb/ft3

S- absolute viscosity, 4.2 lb/ft. hr.

Re = f 4 x* 033 ft. x 493 ft/hr. x l11 3 lb/ft = 1815
4. 2 lb/ft. hr.

Re = 1815 < 2100 Laminar Flow

FLUID CONVECTION for Laminar Flow

h 4Rh ( .ý14= 1.86 Re (Cw ( 4Rh) 1/3

k (A) (k) (L)

Unknown Known

hm = film coefficient for FC-75 R H hydraulic radius =0.033 ft.
0. 083 BTU ft.

k = thermal conductivity = Hr. ft2 OR

SHr.. 14

= 1 for small At($A)

Re - Reynold's Number 1815

0. 263 BTU
Cp = specific heat, lb. 2 B

4. 2 lb.
w = absolute viscosity; 4. hb.

L = length of tube, 6 ft. (estimated from
preliminary calculations)
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hm. xB4Tx 033 ft 1.86 1815 J0.263 BTU/Ib°R x 4.2 lb/ft. hr.)
03TUR f =1.86 1815( 0. 083 BTU ft/hr. ft2 OR)

(4 xO. 033 ft) 1
( 6ft. ) J

h = 27 BTU/hr. ft2o Rm

I 1 1 x + R + R

Uj hf hf s k hms hm

Known

hf = film coefficient for refrigerant FREON 12, 770 BTU/ft2 hr oR

hfs = scale coefficient for refrigerant, 2000 BTU/ft2 hr. 0R

hm = film coefficient for FC-75, 27 BTU/ft2 hr oR

urn = scale coefficient for FC-75, 2000 BTU/ft2 hr. 01R

x = wall thickness,0. 003 feet

2 0
k = thermal conductivity of wall, 220 BTU/ft. hr. R (copper)D

R = Ratio of inside to outside surface area of tubes = __ _O. = 1.23
D 1 0.305

Unknown

2 o
U = overall heat transfer factor BTU/ft. hr. R

1 _ 1 [1 + + 0.003 + 1.3 + 1.23LA
"U BTU/ft? hr. OR +770 2000 220 2000 27

2 0U = 21.3 BTU/ft. hr. R

Eff. tmI -tmn 2
tmi - tf,
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Unknown Known

£fP= effectiveness of heat exchanger tm = temperature FC-75 In63. 2•"

t = temperature FC-75 out,63. 2 - 7.7 =

55. 5°F

tfj = temperature refrigerant in, 40°F

63.2 - 55.5 = 7.7 0.332
63.2-40 - 23.2

Ep. =0. 332 . . NTU =0. 4 for a cross-flow exchanger where Cmx. QMax.Cmax.
NTU = AU/C

max. mlni.

Unknown Known

A = heat transfer area ft2  NTU =0. 4
max

U = 21.3 BTU/ft2 hr. 0R

Cmin = wCp = 2420 BTU/hr. 0°R

where w = flow weight,

9210 lb/hr.

Cp = Specific heat,O. 263 BTU/Ib. OR
NTU Co

A = max Cmin 0. 4 x 2420 BTU/hr. OR
U 21.3 BTU/ft2 hr. OR

A = 45.5ft2
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APPENDDX 7

PARAMETRIC STUDY OF RADIATOR THERMAL ENVIRONMENT

To determine the extreme surface temperatures for the various locations and orientations
which a radiative surface or fin would encounter on a satellite orbiting the earth at a 200 -600
mile altitude. A finned radiator in space in the vicinity of the earth's thermal effects is
also explained.

Problem Approach

An analysis of five basic plate configurations (Figure 58) was conducted to determine stabilized
plate temperatures for the various 200 and 600 mile radius orbit positions from the earth sur-
face, and one position considering solar thermal effects only. This analysis related stabilized
plate temperatures, surface absorptivity and emissivity, plate orientation, plate configuration,
and the effects of distributed energy input (refrigerator load-in addition to earth and solar
radiant effects). The resulting derived relations were evaluated for two extreme plate
environmental conditions. These conditions consisted of:

Minimum Thermal Environment Maximum Thermal Environment

Solar Flux (S) = 417 BTU/ft 2-hr Solar Flux (Ss) = 474 BTU/ft -hr
Earth Flux (SE) = 60.6 BTU/ft2 -hr Earth Flux (SE) = 81.1 BTU/ft2 -hr
Earth Albedo Factor =0.20 Earth Albedo Factor = OL 52

The analysis was based on the following assumptions:

The earth was considered as a perfect sphere.
Plate edge thermal effects were neglected.
Emissivity of Earth = 1. 0.
Space Radiation Temperature = 0°R.
Solar radiant flux considered to be parallel rays.
Plate thermal capacity neglected. (steady state)
Thermal gradients through plate were neglected.
Insulation assumed perfect (where insulation is indicated).
Surface "A" oonductively insulated from surface "1K" for the perpendicular plate

configurations.

Analysis and Results

I. The equilibrium temperature of a plate having one side perfectly insulated (Figure 58 Conf.
2) and sbjected to earth radiant flux is given by:

F A -EBE /4 (1)
TAa
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where: TA = equilibrium temperature of plate

BE = earth radiant flux
a Stefan-Boltzmamn Constant
FA-E = configuration factor between plate and earth (function of

altitude and plate orientation).

This relation is shown in Figure 59 for the two plate environmental conditions defined earlier.

11. The equilibrium temperature of a plate having one side insulated (Figure 58 Conf. 2) and
longitudinal axis is perpendicular to tbe sun's radiant flux is given by:

SA 8FA-8 1/4

A ceaI

where: a A - solar absorptivity of plate surface

e A = emissivity of plate surface

S = solar radiant flux
a

FA-S = configuration factor betwoen plate and the sun

This relation is shown as Figure 59 for three values of a A/ e A and for the two plate
environmental conditions defined earlier.

M. The equilibrium temperature of a plate having one side insulated (Figure 58 Conf. 2
with its longitudinal axis perpendicular to sun flux) and which is located between, and in
line with, the centers of the earth and sun is given by:

[ t A)S. (FA + a FA + FA-EE 1/4

where: a = earth albedo factor

This relation is shown in Figure 60 for the two plate environmental conditions defined
earlier.

IV. The equilibrium temperature of an uninsulated plate (Figure 58 Conf. I - longi-
tudinal axis perpendicular to sum flux) which Is located between, and in line with, the
centers of the earth and sun is given by:

I Ac )S a(F A-S+a FAE '+F A- S 1/4
TA L ( / 2a (4)

This relation is shown as Figure 61 for the two plate environmental conditions defined
earlier.
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V. The equilibrium temperature of a plate having one side insulated (Figure 58 Conf. 2
with its longitudinal axis perpendicular to sun flux), and which is located at the perpendicular
intersection of a normal from the earth surface with the sun's radiant flux is given by:

A (A A) 's FA-S + E 1/4F(

TA=A (5)

This relation is shown as Figure 62 for the two plate environmental conditions defined
earlier.

VI. The equilibrium temperature of an uninsulated plate (Figure 58 Conf. 1-longitudinal
axis perpendicular to sun flux), and which is located at the perpendicular intersection of a
normal from the the earth's surface with the sun's radiant flux, is given by:

T FA~eA )8 a FAS E FA-E ]1/4

Notes: This neglects the slight albedo effect at this location. Estimated error of < 3%
for orbit radits :9 600 mi.

The above relation is shown as Figure 63 for the two plate environmental conditions
defined earlie3r.

VII. The eqciilibrium temperature of a plate having one side insulated (Figure 58- Conf.
2-longitudinnl axis perpendicular to sun flux and coincidental with an extension of the
earth's radiis), and which is located at the intersection of a normal to the earth's surface
with the sun's radiant flux is given by the general expression (5).

This relation is shown as Figure 64 for the two plate environmental conditions defined
earlier.

V13 For the same plate orientation and location described In VII, except plate is not
insulated (Figure 58 Conf. 1), the plate equilibrium temperature is given by the general
expression (6).

This relation is shown as Figure 65 for the two plate environmental conditions
defined earlier.

IX. For the same plate configuration and location described in VII, except that the plate
receives an additional distributed energy input of 15 BTU/ft2-hr, the plate equilibrium
temperature is given by:

T [C/A/A) FA4 S+F .S Q 1/4 (7)

where: Q = 15 BTU/ft?-hr

This relation is shown as Figure 66 for the two plate environmental conditions defined
earlier.
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X. The equilibrium tempersture of a plate havi one aside Insulated (Figure 58 - Conf.
2-loogitudInal axis perpeudicular to mm flux) which is boated on the tangency of he
mm flux to the earth surface (on the "dark side' of earth) is given by the general espreNsos

(5).

This relation is shown as Figure 67 for the two plate environmental oonditions defined
earlier.

XI. For the Same plate configuration and location described in X, except that the plate
receives an additional distribted eneru Input of 15 BTU/ft 2 -hr. the plate equilibrium
temperature Is given by expression (7). This relation is shown as Figure 68 for the two
environmental conditions defined earlier.

X. The equilibrium temperature of a plate fixed perpendicular to another plate (conductively
Insulated from each other) is dependent upon the relative dimensions of the plates, upon the
distance between them and upon their thermal environment. The temperature relatimn for
such a configuration (Figure 58 Conf. 3, 4, and 5) located in line with, and between, the
centers of the earth and sun is shown as Figure 60. The thermal radiative effect of "A"
upon "KI' was considered negligible, but the effect of "IK" on "A" was considered. The
resulting expression being:

T = Is A )(FAS~aF~E)S A-ETK4]1/4(8
A 2a (1 +eK FA-K) + FA'E

where: FAK = configuration factor between "A" and "K"

eK = coefficient of emissivity of plate "K" surface

TK = Temperature of plate "IV'

This relation is shown as Figure 69 for three different plate "K" & "A" configurations with
the two plate environmental conditions defined earlier.

XII. This same general relation (8) is shown as Figure 70 for the two plate configurations
(Figure 58 conf. 3) located at the perpendicular intersection of the sun flux and a normal to
the earth's surface. The figure shows the effects of two orientations of the plate configuration
with the respect to the sun as well as the effects of the two earlier defined extremes of
thermal environment.

XIV. The equilibrium temperature for this same plate configuration (described In XIII) and
located at the perpendicular intersection of the sm flux with a normal to the earth'. surface,
but with rotation abnut the projected ntersection of the two plates as shown on Figure 71. The
axis of rotation for this case is perpendicular to a normal from the earth's surface.

XV. The equilibrium temperature for the configuration and location described in XIV, except
with the axis of rotation being in line with a normal to the earth's surface, is shown on
Figure 72.

182



kz)

Ilk

NN4

Ilk



00

82

0 1 t
00

x IL

00
o 0 00 0-0eo~ 00

.a-) 3 f.V 34-0 - -Z:d'.

1849



ILWI-
Z0

044

0 0
o2
3VW - V

Co85k



I IN

P4 0

0 0

V W

0 'F 0
0 CY
0 0

o 0 -___

o 0

I.1
woo z 0

~ 5' 4Z~ C 0

w w e
bo 0

0
0 0
0 0

186~



(0

~ 0

-~0

_____W U21 0

zz

00

0 000 No
0 U

4c~ 4 4

w

0 000

4000 0 00 0 0
0 0x 0 0 0

(9 Ifj

(ii.)3~flV~3di3.L3.LVdLV.

180



T I (0

I 00

40040
__m_ M- 0 o

_5 U- o>~ 9

I- ~O c o55

I) _ _ _ _

00

0O 0
* 0 0

'y C0
-i2 20x

U) U)

x'

______h. __ _ _ 0

X**

xU U

10
00 0 0 0 0 0
00 0 0 0 0

v0 in N

ni.o) 3uniV83dVI31 3Jy,'...Vi

188



0

= 04ý

IN___ ___ _0 0

0

wIJ 00

00
oz

ui 0~

UU

0 0%
o
NY 0

440

4 
0

_____ ___ _____ ___V

___ 
__ ___ 

x__ 

_ 

c___ 
_

_____// -I
( U)

0 0 0 0 0 0 0
0 0 0 0 0 0

In leW N

(ble) 3mnlVH3db13. 3.LV~d-W.

189



0.0

14 .

-~ 0

< 1: C

ei N

II 2
- t:

to z, 1 T w

"0 tv a 4%,U.0E

0
41 a I iI CL n 0

Z• NJii 0o

w-
U,

z

0 0 0
0 0 0 0 0 0

190



0

I0

01
.- z 0 WE

01, 0 W z

000 w w~

/ 4:4

// 2/ 0

II 0

4 4 Z1.-

-Z-t

0 -0

_____ 3I 0
NR

N.: 0)

10
0 0 0 0 0

0 0 0 0 0 0

191



(0

2ý

w 02

P44

-C-

40 z 0 F

00 2

94192



C,

0 00 0 0 0 .

(03; W N

1493O >



o 0.

CZN 0 WZ 'IO

oD P~.-. 0: ZC U N~

Z 2
I- F. ý-

a. clnu.9 w N.w mE wc

m 0

0

00c

4ut z
0: x

ZIL

W Z

x I
~ 01-0

LL
2

0 0 0 0
0 0 0

IHJfl'tdIVOM3± 31y~cV- Wj

194



z ~ w Oil

0

0 -C

C4 >

_ _ _ I 2

w cn100

00 -j I

4c z

15 m 0
w 1* N

(hi.)~~~ 4)lVid~~ V 3v&A



I C-)O 0-1 15 N .ý 0w(
Z = Oi U e

1. -*
11) n z 2 .

U Cn to d1,zE k uvx6
w - < N 4l

4 z

A -- z

w4 0

-h I;P

00

0 0 0 2
10~~ V0 ~ i

(&.x~lV3~3 V D~l

19



U -~ 0

W
ca 0 0

0 0
5,u .0

0 wo

U ~ 0 w 04

'U 2

z 2 V
0 0 0_ t__

'U ' z
x 0

___ 0 00

wA C

7--;
bv11 4

0 080

(00

011?



00 0

tI
z ~-. .4: ~ It

____ x c~s 4 0 4w0

$a) F- A a0
Z 0

11 / /_ _ -

:3 !i us-la
II1 Q00

CL CL

8'~ ~ 2 a

4 4

0

- In

-- 2 -

w B-

I,0,In

(HO 38.9-d~iV 33A

49



to (o edC ~C
Fz 4  a ~ WI' m, E

UO ~ [Z4 44 wC~6

$! - -. - V

4) ~ ~ CDcU

0, bb 0 -

ai CU 4

bb 0 u3

- to

U. L .. to rj. L W M _

04~~o- v~ 4ý7 9'61

.0 d) 'o 1, r
-o - Co: a. CU 0

HI mm r4 - - 0 - lot, O ) JO Bt m

w ca) c 0- r

Uoeq CU E E

> CU

wo~~U 4) q. (A-o0

4< Q - 2
co Pd U n

cObd rl .-* -- g t

I -* a0
Ci) a'

0 ~i cd W Q) 0.


